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Foreword 


At the outset of World War II, it was known tliat the Germans were 
studying the reactions of acetylene and carbon monoxide, primarily for the 
manufacture of synthetic rubber. It was not until Germany was defeated 
that the results of their investigations were learned. 

Teams of American and British experts visited Germany and published 
their findings through such agencies as the Field Information Agency, Tech- 
nical (FIAT) and the British Intelligence Objective Sub-Committee {BIOS). 
One such team, consisting of Dr. G. M. Kline, IJ. S. Bureau of Standards; 
Dr. Walter E. Gloor, Hercules Powder Company; Mr. John M. DeBell, 
DeBell and Richardson; and Dr. William C. Goggin, Dow Chemical Com- 
pany, was primarily interested in plastics. In gathering documentary evi- 
dence and interviewing German chemists, they learned that Dr. Julius 
Walter Reppe was the leading scientist in the field of acetylene chemistry. 

Recognizing that the interviewing team barely f ouched Dr. Reppe ’s 
massive store of information on acetylene chemistry, it was believed that 
Dr. Reppe should be requested to write about his life’s work in detail. 

On July (), 1945, the American Chemical Society suggested that the 
Chemical Corps enlist Dr. Reppe’s services so that the knowledge of acety- 
lene chemistry could be enlarged and brought up to date. In response to 
this suggestion, a cable was addressed to the Chemical Corps in the Euro- 
pean Theatre requesting that steps be taken to have Dr. Reppe write a full 
exposition of his work on acetylene chemistry. In compliance with this 
cable, the Chemical Officer of the European Theatre, Colonel Patrick F. 
Powers, directed his executive officer, Lt. Col. M. H. Bigelow, to assume 
responsibility for this problem and to effect an answer. 

Dr. Reppe was contacted and he reluctantly agreed to do the work, pro- 
vided he was released from detainment, given a suitable place to write, and 
allowed access to his numerous files, some of which were at the Anorgana 
Plant at Gendorf, about sixty miles southeast of Munich, and some at the 
I.G. Farben industric factory at Ludwigshafen, on the Rhine River in the 
French Zone of Occupation. 

On September 14th, the British authorities were asked to release Dr. 
Reppe to Lt. Col. Bigelow. One month later, the latter obtained the cus- 
tody of Dr. Reppe, signing a formal receipt “for one live body named 
Reppe.” 
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Many difficulties were encountered in finding lodging and food. Mili- 
tary regulations forbade feeding Germans with U. S. Army rations. The 
Frankfurt city government did not want to feed or house Reppe because he 
had not been a resident of that city. As he had joined the Nazi party, 
military regulations required that Dr. Reppe work on the road gang. To 
circumvent this situation, Dr. Reppe was held as a detainee, but this in 
turn caused him much chagrin. 

The task Dr. Reppe undertook was almost impossible. He had been the 
leader of a large number of experts, and at best he had only a general knowl- 
edge of the subject. Consequently, he required the assistance of his former 
co-workers and needed access to his files. Two of his valued assistants, 
Dr. Hans Trieschmann and Dr. Otto Hecht, were residing in the French 
Zone. His files were scattered all over Germany. Arrangements were 
made with Hecht and Trieschmann to visit Reppe every week or two. 
Their entry into the American Zone was reminiscent of the days of rum run- 
ning during the prohibition era. When assembled, Reppe’s files amounted 
to twenty-eight tons of documents, the greater portion of wdiich were found 
to be valueless. 

Dr. Reppe was far from cooperative. The dismemberment of LG. 
Farbenindustric and Germany’s defeat preyed upon his mind. He had one 
ambition, namely to build a new chemical industry, and in so doing, to be- 
come the chemical leader of Germany. Much of Reppe’s time \vas devoted 
to directing the work at Ludwigshafen by remote control. In the nine 
months that Reppe worked, he turned out a few hundred pag(\s of gener- 
alities hardly worth translating (see Figure 1 ). At one time while h(^ was 
working on the project, all twenty-eight tons of documents were secretly 
removed from Gendorf and transported by truck to Ludwigshahni, a dis- 
tance of 230 miles. The documents were recovered after three of his asso- 
(dates were arrested for participating in the deal. 

A request was received from Washington that Dr. Reppe be offered a 
War Department contract to come to the United States. This contract 
was very generous both financially and in other guarantees, but Reppe 
turned it down. He contended that living in the LTnited States would 
hamper his future plans. 

Finally, it became necessary to release Reppe from the task he had re- 
luctantly accepted. Lt. Col. Bigelow, together with Dr. Karl Fischer, 
scanned the tons of documents, picking out those which appeared pertinent 
and used them as the basis of a manuscript. This manuscript was then re- 
written in its entirety by J. W. Copenhaver. An earnest attempt has been 
made to correct all errors and to make the information presented as com- 
plete and reliable as possible by referring to the many reports of the Field 
Information Agency, Technical {FIAT), the British Intelligence Objectives 
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Figure 1. A facsimile of one of Reppe’s manuscripts. 
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Sub-(yOinmittee {BIOS)^ as well as the reports of the Publications Board of 
the United States Department of Commerce (PB Reports) ; where used, or 
where known, the appropriate reference is indicated. 

The authors have attempted only a factual presentation of the data avail- 
able in the source material. The theories outlined, except where otherwise 
indicated, are those of Reppe ; undoubtedly many readers, even as some of 
the chemists associated with Reppe, will not be in accord. 

The primary objective of this book is to trace the development of the 
chemistry of acetylene reactions under pressure, and to indic^ate the tech- 
niques employed in the safe handling of acetylene in such reactions. A 
secondary objective is to point out in lesser detail other important reactions 
and reaction products derived from acetylene in order to present a well- 
rounded picture of tlui German acetylene chemical industry. However, it 
is obviously not possible within the confines of a single volume to follow all 
such reactions to their ultimate end products. 

The attached ciiart may be of assistance to the reader in indicating the 
plan of organization and scope of this treatment. The reactions of a(!ety- 
lene without application of pressure, such as reduction, nitration and halo- 
genation, are discussed briefly, but the resultant products are not further 
discussed ; thus the chemistry of ethylene is not considered. The chemistry 
of acetaldehyde is limited to its synthesis and convei'sion to butadiene. On 
the other hand, the newer reactions of iu;etylene unde]‘ pressure, now (com- 
monly referred to as vinylation, ethinylation, carboxylation and polymeri- 
zation are discussed in detail, as are many of th(‘ uniciue i‘eaction products 
derived therefrom. Finally, the results of t(\st.^ on the explosive decom- 
position of acetylene under pressure, the methods employed to prevent such 
decompositions, and the (ixpcrimenlal equipment developed for use in pres- 
sure reactions are described. 

This book is offered with the hope that it contains some information of 
value to American chemists, but it is readily admitted that the work is far 
from complete. This much can be said, that the study of the reactions 
of acetylene and carbon monoxide has just started and that this new field 
of synthesis is in its infancy. 

New Yorkj N. Y, 

July, 1949 


J. W. COPENHAVEK 
Maurice Bigelow 
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Dr. Walter Ileppe 


Biographical Sketch of Dr. Julius Walter Reppe 


Dr. J. W. Reppe was born in Goringen, Germany on July 29, 1892. His 
father was Rudolph Reppe, a school teacher, and his mother was Marie 
Schrader. 

Dr. Reppe attended the public schools of Apolda in Thuringen from 1899 
to 1908. He also spent two years in the high school at Weimar. From 

1911 to 1912 he studied at the University of Jena where he became -and 
still is — an active member of the Landsmannschaft “Her(\ynia.” From 

1912 to 1914 he studied at the University of Munich. His studies at this 
point were interrupted by World War I, at which time he served as a First 
Lieutenant on both tlu* Eastern and Western P’ronts in the 248th and 504th 
German artillery regiments. At tlu! (conclusion of the war, he returned to 
the University of Munich and on December 10, 1920 received his Doctor 
of Philosophy d(igroe in (lhemi.stry. Fhe subject of his doctorate, taken 
under the direction of Professor K. H. Meyer, was “The Reduc.tion Stages 
of Aryl Derivatives of Nitric Acid.” 

On March 10, 1921 Dr. Reppe joined the main laborakuy of the “Ba- 
dis(!h(* Anilin und Sodafabrik,” Ludwigshafen/Rh as a chemist. There he 
was employed in the field of azo dyestuffs and was given the problem of 
preparing borneol from turpentine oil for the synthesis of camphor. He 
solved this problem; and on the first of January 1923, he was transferred 
to the indigo laboratory of this same company where his main efforts were 
focused on the production of hydrocyanic acid from formaraide by catalytic 
dehydration. After completing this problem, he was transferred from the 
indigo department and attached to the Carbide-Alcohol Plant. 

During the next ten years of Reppe’s chemical work he succeeded in de- 
veloping a large-scale catalyst chamber for the hydrogenation of acetalde- 
hyde and crotonaldehyde. He was also identified with the synthesis of 
butanol ; the preparation of approximately one hundred new azo dyestuffs ; 
the preparation of indigoid dyestuffs from low-temperature coal-tar distil- 
lates, and the catalytic hydrogenation of indigo to indigo white. 

From 1925 on, Dr. Reppe was associated with the synthesis of butadiene 
and the manufacture of condensation products of acetylene. He developed 
a process for the preparation of vinyl ethers from acetylene and alcohols 
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under pressure with alkali or alcoholates as catalyst. This discovery was 
later recognized as a general method of introducing acetylene into organic 
compounds containing hydroxy groups. 

On January 1, 1934 he was made director of the newly founded “Inter- 
mediate Plastics Laboratory.” Within a period of four years, he developed 
this laboratory at Ludwigshafen from an insignificant status to the most 
modern laboratory in the I.G. Farbenindustrie. In this undertaking, he 
was assisted by more than twenty chemists ; here he developed large-scale 
continuous equipment for the reaction of acetylene under pressure. 

In 1938 he was made Director of Central Laboratory of the LG. Farben- 
industrie in Ludwigshafen. This was the largest research institute of the 
LG., and its research activities extended into all branches of chemical sci- 
ence and technique. It was in this laboratory that the optimum methods 
for butadiene synthesis were developed. Based upon this development, a 
plant was built which produced 30,000 tons of Buna rubber per year. >Som(‘ 
of the many products and processes of this laboratory were tetrahydrofuran, 
pyrrolidine, butyrolactone and pyrrolidone. The new alkynol synthesis 
proved fruitful in the various fields of artificial resins and lacquers, textile 
intermediates, pharmaceuticals and photographic chemicals. 

On April 1, 1937, Dr. Reppe was appointed “prokurist” of the LG. 
Farbenindustrie and on April 1, 1939, Director. 

Dr. Reppe was married in 1922 and has one son. 
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Chapter I 

Synthesis and Reactions of Acetylene at Atmospheric 

Pressure 


Introduction 

Tho unusual importance of acetylene as a basic chemical raw material 
was one of the noteworthy features of Germany’s wartime chemical indus- 
try. This situation resulted from a lack of natural petroleum resources 
and a s(^arcity of carbohydrate material for ethyl alcohol production, thus 
necessitating reliance on acetylene from calcium carbide as the basic raw 
material for synthei ic rubber and many other organic chemicals. 

Ilasche' has estimated that as of May, 1942, German carbide production 
was at a rate of 1 ,320,000 metric tons per year, of which some 53 per cent 
was used to produce acetylene for chemical processes requiring some 237,000 
metric tons of acetylene per year. In addition, approximately 58,000 
metric tons per year of arc acetylene and minor amounts of acetylene from 
other syntheses were available. 

The minutes of an LG. Farbenindustrie conference on September 22, 
1943 indicate that the productive capacity of calcium carbide was expected 
to amount to approximately 145,000 metric tons per month by the end of 
19431 Moreover, after completion of construction under way and pro- 
jected, the capacity was expected to rise to approximately 210,000 metric 
tons per month. The usage of acetylene for chemical derivatives was 27,000 
metric tons per month and was expected to increase to approximately 41,500 
metric tons per month. Of this 27,000 tons of acetylene, 24,000 tons came 
from carbide acetylene and about 3,000 tons per month from arc acetylene. 

Hunter® estimates that in the chemical plants of the British, United 
States, and French zones of Germany the production of acetylene for chemi- 
cal processing was approximately 300,000 tons per year during the war pe- 
riod. This figure would seem to indicate that the anticipated use of 41,500 
tons of acetylene per month was probably never attained due to wartime, 
difficulties. 

It is of interest to note the statistics relating to the production of calcium 
carbide, and of acetylene for chemical processing, in the United States dur- 

* Chem Eng. News, 23 , 1840 (1946). 

* Chem. Eng. News, 23 , 1841 (1945). 

91663 (P/OS 1053). 
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ing the same wartime years. Data (converted from short tons td metric 
tons) for the production of calcium carbide are as follows:^ 


Year 1945 1944 1943 1942 

Metric tons, . 610,155 716,134 597,845 454,326 


During the same p(‘riod, the use of acetylene for chemical processing (ex- 
clusive of industrial uses) was as follows (data converted from M vxi. ft. 
to metric tons to facilitate comparison):^ 

Year. . 1945 1944 1943 1942 

Metric tons 119,900 127,800 91,870 106,470 (all uses) 

Synthesis of Acetylene 

Acetylene was s^mthesized in Germany by several methods. It is not 
the piupose of this book to describe these methods in detail, since this in- 
formation is available in standard treatises, or in the more recent detailed 
reports of teams investigating the German chemical industry. However, 
the three most widely used processes of generating acetylene will be dis- 
cussed briefly, and additional data may be found in the references cited. 

(1) From Calcium Carbide. The oldest and still most widely used 
method of generating acetylene is by the classi(*al method from calcium 
carbide. The calcium carbide, which is generated in large electrical fur- 
naces by the fusion of about 2 parts of lime or limestone with I part of coke 
by means of an electric arc, is reacted with water to produce acetylene and 
lime as shown in the following formulas : 

CaO + 3C — CaC 2 -f CO 

CaC 2 + 2 H 2 O > HC^CH -f Ca(OH )2 

Although the starting materials are readily available, the process re- 
quires large amounts of electrical power (about 10 to 11 kwh per kilogram 
of acetylene) and considerable quantities of high -purity carbon electrodes 
(25 to 50 kg per metric ton of carbide). However, this process has the ad- 
vantage that it produces no by-products other than lime, and the acetylene 
so generated is concentrated and of relatively high purity ; the removal of 
traces of phosphine and other impurities involves relatively simple scrub- 
bing operations requiring small chemical consumption. 

Although German procedure for the most part followed conventional 
practice, several innovations had been developed. A novel process for 
continuously tapping calcium carbide from the furnace and feeding it di- 
rectly to a rotary carbide chilling and cooling unit which discharged the 
products in lumps most of which did not exceed 80 mm in size was in prac- 

* “Chemical Facts and Figures,’^ 2nd Ed., p. 22, Manufacturing Chemists* Assoc, 
of U. S., 1946. 

^ Ibid., p. 26. 
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tice at Ludwigshafeii®. Improvements had also been made in the genera- 
tion of acetylene from carbide. The so-called “dry procedure’’ using only 
about one-third the amount of water normally used in the conventional 
“wet process” was developed, so that it was possible to discharge lime which 
was free from unrcacted carbide and from acetylene^. This lime, contain- 
ing only 6 to 7 per cent moisture, (^ould then be used directly for agricul- 
tural or chemical uses. The design of various types of acetylene generators 
is discussed by King*^, as well as in the above-cited references. 

(2) By the Arc Process. Acetylene was synthesized at Huls by the 
cracking of hydrocarbon gases in an electric arc. Natural gas (primarily 
methane) from Bentheim, or by-product gases (primarily mixtures of 
methane and ethane) from coal hydrogenation, or mixtun^s thereof, were 
suitable feed stocks. After purification in an Alkacid unit to reduce the 
sulfur content, the gas is compressed to 1.4 atmospheres absolute and passed 
to an electric arc reactor. The electric arc in each reactor transforms 7,000 
kilowatts of electrical energy at 8,300 volts and 850 amperes d.c. into heat. 
The exact temperature at which acetylene is formed is not known ; however, 
in its core the arc burns at about 3000°C, while at the end of the reactor 
tube the gas temperature is between 1600 and 2000°C. At this point, the 
gas is quenched with a water spray to 150 to 200°C to prevent further 
cracking. 

Each reactor produces about 4,200 cubic meters of product gas per hour 
from 2,800 cubic meters of feed gas. Typical volumetric analyses for the 
arc inlet gas, which was made up of recycle and fresh gas, and for the out- 
let gas with both types of feed are as follows : 


Natural Gas 



Inlet Gas 

Outlet Gas 

Inlet Gas 

Outlet Gas 

C 02 

0.2 

0.0 

0.3 

0.0 

C 2 H 2 

2.7 

16.2 

1.5 

13.3 

Olefins 

3.2 

3.6 

1.4 

0.9 

0 . 

0.2 

0.2 

0.3 

0.2 

CO 

1.4 

1.0 

3.0 

2.9 

H, 

10.9 

50.5 

2.5 

46.0 

CH4 and homologs 

74.5 

25.1 

80.2 

27.8 

Nj 

6.9 

3.4 

10.8 

8.9 


• 00.0 

100.0 

100.0 

100.0 


The conversion to acetylene is about 50 per cent per pass ; about 50 per 
cent of the energy is lost to the cooler and the quenching spray. 

Two main reactions take place in the arc : 

2CH4->C2H2-i-3H2 

CH4--C-h2H2 


44943 {FIAT 859). 
7 PB 63778 {FIAT 969), 
* PB 3476 {FIAT 611). 
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However, these reactions do not explain all the reaction products; only 
about four moles of hydrogen per mole of acetylene instead of the expected 
five are produced, and about 10 to 12 per cent of the total acetylenes are 
diacetylene and higher homologs of acetylene. 

Originally, it was hoped that this dilute gas containing 13 to IG per cent 
acetylene could be used for acetaldehyde production, but at the present 
time, the acetylene is concentrated and purified before hydration. It was 
stated that the dilute acetylene was not hydrated directly because this 
interfered with the recovery of the hydrogen, which was needed for other 
purposes. However, as will be shown later, the many impurities present, 
particularly diacetylene, also caused difficulty in the acetaldehyde synthesis 
due to catalyst poisoning, etc. (see page 301). 

The electrical requirements for the production of arc acetylene vary 
somewhat with the composition of the feed gas. At full capacity with coal 
hydrogenation gas, the production of one kilogram of crude acetylene re- 
quired 8.9 kwh ; at 60 per cent of capacity with natural gas, the require- 
ment for the arc itself was 10.7 kwh per kilogram of crude acetylene. 
However, including the electrical requirements involved in the purification 
process, the consumption of electrical power per kilogram of pure acetylene 
is increased to approximately 12.7 kwh for coal hydrogenation gas, and to 
14.7 kwh for natural gas. The overall electrical energy requirements are 
thus as high or higher than for the (carbide process; however, if the four 
moles of hydrogen produced per mole of acetylene can l)e credited to the 
arc process, it then becomes more attractive than tlie carbide process. 
Furthermore, the arc process is a potential source of other acetylenic homo- 
logs and by-products not available by other methods. 

Processes for the purification of the arc*, acetylene and for the isolation 
and utilization of some of the acetylenic homologs and diacetylene present 
in the crude gas will be discussed in Chapter VII. 

The design and operation of the arcs, and purification of arc acetylene 
have been discussed by Fennebresque^, Morrow^^, and Fuller, Weir, Zoss, 
Leaper and Direnga^k 

(3) By Partial Combustion of Methane (Sachsse Process). Acetylene 
may also be produced by the thermal cracking of methane : 

2 CH 4 HfeCH -f sifz - 91,000 cal. 

The energy necessary for this endothermic reaction is supplied by combus- 
tion of a part of the methane with pure oxygen or with air. Under optimum 
operating conditions with preheated gases and essentially pure oxygen, the 
overall reaction may be approximated as : 

45 CH 4 -f 30.2502 SHC^CH -f 3.5C02 + 25.5CO -h 54 H 2 + 28 H 2 O 


» PB 900. 

10 PB 1852. 

n PB 81826 {FIAT 921). 
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In actual operation, 800 m^/hr of methane and 400 to 500 mVhr of oxy- 
gen are preheated separately to 500°C, thoroughly mixed and then burned 
in a burner of very critical design, shown in Figure I-l. The velocity of 
the mixed gases is considerably in excess of the rate of propagation of flame 
in the mixture. The temperature of the gases reaches about 1400°C due to 
the partial combustion, and is rapidly lowered to about 80°C by means of 



Figure I>1. Acetylene burner. 


a water quench. About 1500 mVhr of product gases, having the following 
analysis on a dry basis, are produced : 

% 


HfeCH 

CO2 

CO 

Hs 

CH4 

0 , 


a- 9 

3- 4 

24-26 

54-56 

4 - 6 
0 - 0.4 
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The yield of acetylene is about 31 per cent. 

The Sachsse process produces a dilute acetylene which has been used 
principally for the synthesis of acetone (see page 8). Processes for con- 
centration of this dilute acetylene had not been fully developed, although 
it is stated that a gas containing 70 per cent acetylene, less than 1 per cent 
hydrogen and 1 per cent carbon monoxide, and the remainder carbon diox- 
ide, had been produced using a water wash under pressure. 

It is interesting to note that the Sachsse process, unlike the carbide and 
arc processes, does not require electric power as an energy source. Fur- 
thermore, it produces carbon monoxide and hydrogen in the ratio of 1:2, 
an ideal ratio for utilization in other syntheses. 

Further details of this process have been reported by Matthews^’-^ and by 
Carter and Cain^l 


Reactions of Acetylene at Atmospheric Pressure 


The major chemical products into which acetylene was converted, to- 
gether with their actual acetylene consumption per month in 1943 and the 
projected consumption, are : 


Product 

Acetaldehyde 

Acetone 

Buna (Reppe process) 

Ethylene by hydrogenation 

Vinyl chloride. 


Vinyl monomers 


Vinyl acetate. 
Vinyl ethers. . . 
Acrylonitrile . 
Chlorinated products 


(metric tons per month) 

1943 

Projected 

20,000 

26,000 

485 

485 

1,760 

1,250 

2,890 

8,555 

1,080 

1,720 

480 

720 

150 

200 

— 

615 

850 

850 

converted into these pre 


ucts will now be considered. 


Hydration of Acetylene 

Production of Acetaldehyde. Acetaldehyde may be produced by con- 
tinuous hydration of acetylene in the presence of a mercuric sulfate cata- 
lyst.* 


HC=CH -f- H2O CH3CHO + 33,880 cal. 

However, as the reaction proceeds, the mercuric sulfate is reduced to mer- 
curous sulfate, and finally to metallic mercury, which must be recovered 
and reconverted to the active catalyst. About ten years ago the LG. 

BIOS 877. 

PB 67790 (FIAT 988). 

* For details of another method of synthesis from methyl vinyl ether, see page 46. 
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developed a new process in which the active catalyst, mercuric sulfate, is 
generated continuously in the reactor by the action of ferric sulfate on 
metallic mercury 

Hg + Fej(S04)., HgSO* + 2FeS0« 

The mercuric-ferric sulfate solution is continuously renewed by oxidation 
of the ferrous sulfate to ferric sulfate with nitric acid, and by addition of 
fresh mercury. 

Conversion of acetylene per pass is about 55 per cent and the yield of 
acc'taldehyde 98 to 95 per (;ent of theoretical, the main losses occurring on 
distillation. The product is recovered as a 7 per cent solution of acetal- 
dehyde and the latter purified by distillation to 99.9 per cent purity. About 
0.5 to 0.7 per cent of acetone (based on aldehyde) is recovered, but diacetyl, 
crotonakhdiyde, and up to 2.0 per cent of acetic acid are discharged to the 
sewer. Mer(;ury consumption is about 0.1 per cent, based on acetaldehyde. 

The production of acetaldehyde takes place in vertical metal towers (1.3 
meters in diameter and about 1 5 meters high) lined with rubber. Acetylene 
from the acetylene generation system, containing 97 per cent of acetylene, 
1 .0 per cent of carbon dioxide, 2 per cent of nitrogen and hydrocarbons, is 
mixed with recycle acetylene of 75 per cent purity from the reactors at a 
pressure of about 1.2 atm gauge. About 1,500 cubic meters of recycle gas 
per hour is used per reactor, making a total feed of 2,800 cubic meters per 
hour. This is fed into the bottom of the reactor after mixing with 1.5 tons 
of steam per hour and bubbles up through the liquid catalyst solution. 

The temperature at the bottom of the reactor is 97 °C and at the top 
94 °C. The vapors from the reactor are scrubbed with water to give a 
dilute solution of acetaldehyde from which pure acetaldehyde is recovered 
by distillation. Part of the undissolved gas (75 to 80 per cent acetylene) is 
then recycled, and part is taken to an acetylene purification system where 
the acetylene is purified by solution in water at 4 atm pressure, and finally 
recycled as about 96 per cent acetylene containing small percentages of hy- 
drogen, nitrogen, and carbon dioxide. 

The catalyst solution, of which 2.5 mVhr are removed continuously for 
regeneration, contains 4.0 g of ferric iron, 36 g of ferrous iron, 0.6 g of mer- 
curic sulfate and 180 g of total sulfates per liter (the high total sulfate 
figure is due to sulfuric acid). In addition, the catalyst solution contains 
a large amount of free mercury which is suspended in minute particles by 
the gas rising through the solution. 

The spent catalyst, which is withdrawn continuously, is freed of metallic 
mercury and then degassed at 100®C with live steam to remove acetylene 
and acetaldehyde. After filtering, the solution is fed into the bottom of an 
oxidizer where it mixes with just enough 30 per cent nitric acid to convert 

PB 189, pp. 32-6; FB 44941 {FIAT 855). 



s 


ACETYLENE AND CAKBON MONOXIDE CHEMISTRY 


all the ferrous iron to the ferric state. The oxidation is carried out at 
90°C. The liberated nitric oxide fumes pass to a recovery system, while 
the regenerated catalyst solution, after being freed of any dissolved nitric 
oxide, is pumped back into the reactor at the same rate as the spent catalyst 
is withdrawn. 

Acetone. The major part of the acetone prodiu^ed in Germany was syn- 
thesized by passing acetic acid over a cerium catalyst at 400 to 500°C'^ 

O 

/ 

2 OH 3 COOH CHr.C— CH, + CO 2 + HsO 

However, about 540 tons per month of acetone were made directly from 
acetylene b}^ hydration over a zirn* oxide catalyst^®. 

0 

2 }IC 3 ^Cn + 3H2O CHsC— CH, + CO2 + 2H5 

The acetylene used was made by cracking methane by direct combustion 
with oxygen and quenching the gaseous products with water to 80°C (see 
page 4). The resultant gas contains only about 8 per cent of acetylene, 
3 to 4 per cent of (^ar})on dioxide, 24 to 26 per cent of carbon monoxide, 54 
to 56 per cent of hydrogen and 4 to 6 per cent of methane (all on dry basis), 
and is saturated with water at 80°C. After being preheated to 360°C, it 
was passed over a zinc oxide catalyst. The reaction is exothermic and the 
exit temperature of the gas is 450°C. Temperature control is apparently 
critical. The acetone was recovered from the gas stream by water-washing 
and separated from the water and acetaldehyde by distillation. 

(Conversion of the acetylene to acetone is high. However, like the acetic 
acid process, only 75 per cent of the carbon content of the acetylene is 
utilized in the synthesis of acetone. Catalyst life is only about one week 
due to carbon formation, but regeneration by burning off the carbon is pos- 
sible. 

The off gas from the water washer went to a synthesis gas unit where the 
remaining methane was burned over a nickel nitrate catalyst to give syn- 
thesis gas for methanol. 

Butadiene from Acetylene via Acetaldol and 1,3-Butylene Glycol 

In 1925 the I.G. assigned Reppe the problem of developing on a suitable 
technical scale the synthesis of butadiene based on the classical four-stage 
process via acetaldehyde aldol — > 1,3-butyleneglycol 1,3-butadiene. 
Within three years he succeeded in establishing the fundamental chemical 
knowledge of this process and in 1928 prepared 100 tons of butadiene in a 
pilot plant. The data obtained proved the feasibility of the process for the 

PB 91663 {BIOS 1053, pp. 13-35). 
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large-scale synthesis of butadiene and, furthermore, its superiority to all 
procedures known at that time, e.g., by cracking of cyclohexane, etc. 

Aldol (acetaldol) was produced on a very large scale in Germany at vari- 
ous plants by slightly different procedures. Although some of this aldol 
was dehydrated to crotonaldehyde which was used in other syntheses, such 
as oxidation to crotonic acid, or maleic anhydride, reduction to n-butyral- 
dehyde and n-butanol, etc., by far the largest amount was reduced to 1,3- 
butanediol which was then dehydrated to butadiene^^. 

The details of the several different procedures used for aldol and crotonal- 
dehyde manufacture are ably presented by Hunter^*. The procedure used 
at Hills, though not necessarily the best, did supply practically all the aldol 
which was used for butadiene, and will be briefly described here. 



Figure 1-2. Aldol reactors. 

Aldol Production and Purification. Aldol is made by treatment of 
acetaldehyde with dilute potassium hydroxide solution at 20 to 30'’C in a 
long heat exchanger cooled with water. 

2 CH 3 CHO CH 3 CHOHCH 2 CHO + 26,400 cal. 

The conversion is 45 to 40 per cent per pass, and the ultimate yield 88 per 
cent of theoretical. The aldol solution is treated with dilute phosphoric 
acid to precipitate potassium phosphate, which is separated. The crude 
aldol is then separated from unconverted acetaldehyde by distillation. 

Pure acetaldehyde is mixed with about an equal part of recycle aldehyde 
and pumped through the tubes in a reactor made up as a long horizontal 
tubular heat exchanger, cooled on the outside of the tubes with water for 

BIOS 1060 

18 PB 91663 {BIOS 1053, pp. 76-120). 
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about one-third of the surface. Figure 1-2 shows one view of the reactors. 

The temperature in the reactor is maintained at 20 to 30°C. From 0.02 
to 0.1 per cent of potassium hydroxide based on aldehyde is injected into 
the aldehyde just before the circulating pump. 

The aldehyde-aldol mixture is held at 45 to 46 per cent conversion to 
prevent formation of too much crotonaldehyde, higher aldehydes, and resins 
by controlling alkali concentration, withdrawal rate, etc. Rapid recircula- 
tion through the heat exchangers is required, amounting to approximately 
20 times the fresh input of aldehyde, or 180 to 250 mVhr. The average 
time of contact is 2 to 3 hours. 

A typical analysis of the crude aldol shows 52.84 per cent of acetaldehyde, 
0.32 per cent of crotonaldehyde, 44.80 per cent of aldol and n^sidue, and 
2.04 per cent of water. This product is withdrawn from the circulating 
system and sent to a mixing vessel in which a dilute solution of phosphoric- 
acid is added to reduce the pH to below 6.0. The liquid is then allowed to 
stand for one hour to permit the potassium phosphate to form large enough 
crystals for centrifuging. The solution is centrifuged to remove phosphate ; 
it is then sent to a leaf filter and finally to a mixer where the pH, which was 
too acid for distillation, was raised to from 6.3 to 6.4 (indicators; pH on 
glass electrode 8.0 to 8.3) by blending with alkaline aldol from the reactor. 

The crude aldol is pumped through a filter to three distillation towers in 
parallel (Figure 1-3). Each tower contains 23 plates and the fee 1 is on the 
eighth plate. Here, at atmospheric pressure acetaldehyde is taken over- 
head at 21 to 25°C and at a reflux ratio of 1 to 5. The bottoms from the 
tower are sent to a series of three heat exchangers heated with 3.0 atm 
(gauge) steam to heat the aldol from 70 to 80 up to 100 to 110‘^C and flash off 
surplus water. The aldol is then quenched to 65 °C with an equal amount 
of finished cold aldol (to prevent side reactions) and cooled in cooling coils 
to 30 to 35°C. It then goes to a mixer and storage. The purified aldol 
has a pH of 5.7 with a typical analysis as follows : 

% 

Aldol 72.82 

Acetaldehyde 4.65 

Crotonaldehyde 1.59 

Residue 2.60 (higher aldehydes, 

resins) 

Water 18.34 


Overall yields in the middle of 1944, at 46 per cent conversion per pass, 
were per 100 parts of aldehyde by weight : 


parts 

Aldol 88.0 

Acetaldehyde 6.61 

Crotonaldehyde 2.42 

Residue 3.14 

Loss 0.83 
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The total capacity of the system using four reactors is about 10,000 tons 
a month. 

Hydrogenation of Aldol to Butylene Glycol-1,3. Butylene glycol-1,3 
was produced by the hydrogenation of aldol of the composition previously 



Figure 1-3. Aldol distillation plant. 


described in continuous vertical reactors at 300 atm hydrogen pressure 
and 50 to 150°C over a catalyst containing 17 to 20 per cent of copper and 
0.7 to 1.0 per cent of chromium on calcined silica gel (B.B.E. catalyst)^®. 

CH,CHOHCH,CHO + Ha CHgCHOHCHaCHaOH -f 22,000 cal. 


PB 189, pp. 39-43; PB 91663 (BIOS 1053, pp. 133-^) 
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Under these conditions 99.9 per cent of the aldol could be hydrogenated in 
a single pass. The butylene glycol was isolated by distillation. 

The rfjiictton is strongly exothermic and the temperature in the reactor 
is controlled by adjusting the amount and temperature of the gas feed. 

The purity of the hydrogen used is of great importance, as in any cata- 
lytic hydrogenation. The hydrogen gas comes from a water gas plant and 
contains about 3 per cent of inert gases (1.5 per cent of nitrogen, 1.4 per 
cent of methane, 0.2 per cent of carbon dioxide). Carbon monoxide poisons 
the copper catalyst. 

Approximately 20 per cent of the cycling gas must be continuously ex- 
panded to prevent increase of inert gas components. However, only 10 to 
15 per cent need be expanded to the open air because the other 5 to 10 per 
cent expands automatically through leaks in the apparatus. Hydrogen 
consumption is approximately 125 per cent of theoretical. 

The conditions of hydrogenation can be substantially improved by the 
use of electrolytic hydrogen ; the hydrogen consumption is decreased 10 to 
12 per cent due to the lower content of inert gases. 

Thirty-five hundred liters per hour of aldol are fed to the reactor during 
the hydrogenation period. Each reactor, therefore, produces 1,500 tons 
per month of butylene glycol from 2,400 to 2,500 tons of purified aldol. 
The liquid aldol remains in the reactor for approximately one hour. 

Distillation of the crude hydrogenation product is carried out in three 
identical continuously operating columns which have 30 plates, 3 meters 
in diameter and 500 mm apart. From the raw butylene glycol the follow- 
ing constituents are separated in the column number designated : 

Col. 1.: All low-boiling constituents (acetaldehyde, ethanol, butanol, esters, ace 
tals, partly as azeotropic mixtures) 

Col. 2. : Water 

Col. 3: Pure butylene glycol 

Colunm 1 works under normal pressure, columns 2 and 3 under vacuum. 
The bottoms from column 3 are higher-boiling than butylene glycol and 
consist of higher acetals, alcohols, and condensation products of glycerin- 
like or resinous consistency. 

Distillation of 169.2 kg of raw butylene glycol gives the following prod- 
ucts : 


100 kg pure butylene glycol 

19.5 kg ethanol 100% 

2.8 kg butanol 100% 

3.8 kg residue (0.6 kg butylene glycol) 

0.5-0. 6 kg butylene glycol acetal (2,4-dimethyl-l,3-dioxane) 
0.1 kg aldehyde first runnings 

42.5 kg water 
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The pure butylene glycol has the following analysis : 


Aldehyde (as acetaldehyde) 0.05% 

Acetal (as diethyl) 0.3% 

Esters (as ethyl acetate) 0.1% 

Crotyl alcohol 0.2% 

Water 0.2-0. 6% 

Butylene glycol OS . 75-99 . 15% 


Boiling range within 1 .5° limits 


The numerous impurities present in the crude hydrogenation product 
arise from the impurities originally present in the purified aldol. Thus: 

CH.CHO + H2 


( 1 ) 


( 2 ) 


CH 30 H=CmCHO- 


2112 


112 


CH 3 CH 2 OH 

Ethanol 

CH 3 CH 2 CH 2 CH 2 OH 

Butanol 


-> CH3CH=CHCH20H 
Crotyl alcohol 


(3) CH3CH0HCn2CH20H + CH 3 CIIO CH 3 CHCH 2 CH 2 

I I 


CIIaCHzCHaCHaOII -h 02115011 ^ 
Butanol 




0 O 

^0/ 

I 

CH, 


H2 


•> CsHfiOII 4- 
, 4-Dimethyl- 1 , S-dioxane Oil 


CH 3 CHCH 2 CH 3 
sec. -Butanol 

->CH3CH2CIICH20H 
Calls 

alpha- E thy l-hutanol 
^CHaCHOIICHCHsOH 

I 

H 3 C— CHOH 
Hexanelriol 

Condensation of aldol with itself or with crot-onaldehyde, etc., would give 
resinous materials. 

Dehydration of Butylene Glycol-1 ,3 to Butadiene-1 ,3. Dehydration of 
butylene glycol at 280®C and 1 atm in the presence of steam over a catalyst 
containing sodium phosphates and free phosphoric acid on coke or graphite 
gives butadiene as shown in the equation^^ : 

CH,CHOHCH,CHjOH - CHj=CH— CH==CH, - 29,700 Cal. 


(4) CH 3 CHO + CIIaCHOHCHjCHO— 


« PB 189, pp. 44-8. 
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The butadiene is purified by distillation. The conversion per pass is essen- 
tially 100 per cent, but the ultimate yield of pure butadiene is only 81 per 
cent of theoretical. 

Five hundred to 700 kg/hr of butylene glycol of the composition just de- 
scribed is vaporized, preheated to 210°C, and mixed with an equal quantity 
of steam at 400°C and 1 atm gauge. The resulting gas mixture is then 
passed to a vertical dehydration tower containing the catalyst (12 m^) 
which is maintained at 280*^0 by hot water under 65 atm pressure. The 
product gas goes to a cooler to separate water and oils. The average per- 
centage composition of the gas is now about as follows: butadiene 80, 
propylene 2, butylenes 1, butyraldehyde 2, allyl carbinol 10, 2-ethylhexariol 
1, and heavier oils 4. 

Purification and distillation of the butadiene coming from the catalytic 
reactors is performed in a three-part plant, consisting of butadiene purifica- 
tion, butadiene distillation, and oil distillation. A view of this plant is 
shown in Figure 1-4. In the purification, the raw butadiene is separated 
by distillation from oily by-products (especially butyraldehyde) and 
caustic-washed in the gas phase to remove aldehydes. It is then com- 
pressed and liquefied, whereby most of the moisture separates as water, 
which is insoluble in butadiene. The raw butadiene is then dried with solid 
caustic potash, which also removes the last traces of aldehydes. It is finally 
cooled to —30 to — 40°C to remove the last traces of moisture. This pro- 
cedure is then followed by continuous distillation of the butadiene under 
normal pressure, which completel}" separates from the butadiene pure 
propylene boiling at — 47°C. A second column separates pure butadiene 
boiling at — 4°C from the higher-boiling residue. The composition of the 
pure butadiene is : 


99 . 4 % 

0 . 5 - 0 . 6 % 
0 . 01 - 0 . 02 % 
0 . 001 % 


butadiene 

butylene -f propylene 
water 

aldehyde (calculated as acetaldehyde) 


The oil distillation yields valuable by-products, e.g.y butyraldehyde, allyl 
carbinol, and a small quantity of crotyl alcohol, which is separated from 
the higher-boiling non-volatile oils (products of condensation and polymer- 
ization, mostly of aliphatic nature) and from water. The allyl carbinol 
may be recycled. 

The dehydration of butylene glycol-1 ,3 is highly endothermic, and appar- 
ently considerable difficulty was experienced in maintaining uniform tem- 
peratures throughout the reactor. In addition, the catalyst itself is not 
chemically stable and fixed in composition but may undergo changes during 
reaction. Consequently, the dehydration of the butylene glycol does not 
proceed cleanly by a single mechanism but instead gives rise to a variety 



SYNTHESIS AND REACTIONS OF ACETYLENE 


15 




L_0— J 

Pv/tylene Qxid^-l^S 


CH8CH2CH2CHO 


Propylene 

n-Bulyraldehyde 
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The dehydration catalyst is prepared by impregnating 100 parts of coke 
(5 to 8 mm granules) with 56 parts of disodium phosphate, 8.5 parts of 
phosphoric acid and sufficient butylamine so that only about 1 per cent of 
free phosphoric acid is left. The catalyst is dried at 250°C ; the phosphates 
are converted to a mixture of MadrelPs salt (NaP 03)2 and sodium pyro- 
phosphate (Na 2 P 207 ). This catalyst is similar to that used in the dehydra- 
tion of butanediol-1,4 or tetrahydrofuran, except that its content of so- 
dium pyrophosphate is lower (see page 103). 

The life of this catalyst is short, usually only 4 to 6 weeks. Catalyst 
regeneration is not possible; recovery is as follows. The phosphate is 
extracted with water from the catalyst, which contains large quantities of 
resins. The remaining support is then heated to glowing in a rotating 
furnace and freed from resin before it can be impregnated again. Consump- 
tion of catalyst is 12 to 13 kilos per 100 kilos of butadiene production. 

The capacity of each dehydi*ation unit was initially 130 to 140 tons per 
month of pure butadiene. However, by improvements in design and oper- 
ation, the capacity was doubled. 

Butadiene Peroxide. In some cases, after long storage, the separation 
of a honey-like liquid peroxide from liquid butadiene has been observed. 
This peroxide is insoluble in liquid butadiene and collects at the bottom of 
the storage tanks. It explodes vigorously by slight friction or percussion ; 
its shattering power is tremendous. However, it has not been possible to 
produce this highly dangerous compound at will in the laboratory. 

German experience at Schkopau indicates that this peroxide forms 
only if the butadiene contains aldehydes (probably by way of aldehyde 
peroxides). This is another reason why complete removal of all aldehydes 
from butadiene is imperative. It is possible to avoid the formation of 
peroxides completely if the removal of aldehydes is carefully watched, and 
if the bottom of the storage tank is covered with a 50 per cent aqueous 
solution of caustic potash. In pumping off the butadiene, care must be 
taken that this caustic layer is not disturbed. Separated peroxide can be 
destroyed by hot solutions of potassium hydroxide and ferrous sulfate, or 
by bisulfite. Strong heating is to be avoided, however, because vigorous 
explosions have been observed even under water. 

Hydrogenation of Acetylene to Ethylene 

Ethylene from cracking operations was not readily available, nor was it 
considered desirable to obtain ethylene from ethanol which in turn was made 
by fermentation of valuable food products. Consequently, the Germans 
turned once more to their old stand-by, and prepared large amounts of 
ethylene by a vapor-phase catalytic hydrogenation of acetylene^^ 

HC=CH A- H 2 — H 2 C=CH 2 4- 42,000 caJ. 


21 PB 354; PB 44954 [BIOS 171); PB 25051 [BIOS 1068). 
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The hydrogenation is carried out at atmospheric pressure. It is neces- 
sary to use as selective a catalyst as possible, and to remove the heat of 
reaction in order to prevent further hydrogenation of the ethylene to 
ethane. Control of the reaction is achieved by maintaining a low con- 
centration of acetylene (10 to 12 per cent), by circulating large volumes of 
gas, and by injecting water before the second and third catalyst trays. 

The plant built in 1941 at Gendorf had a design capacity of 70 tons per 
day and operated in the following manner. The 24 reactors, some of which 
are shown in Figure 1-5, consisted of steel towers 2.8 m in diameter and 
8.4 m high. During normal operation two such towers were connected in 



Figure 1-5. Ethylene reactors. 

parallel. Acetylene (500 mVhr) was compressed to about 0.2 atm 
gauge in turbo-blowers and mixed with one to two volumes of hydrogen, 
likewise compressed to 0.2 atm. This fresh gas was mixed with about 
35,000 mVhr of recycle gas at 250°C ; the gas stream was split and fed to 
the top of the converters in which it passed downward through three wire- 
mesh catalyst trays covered with about 23-cm layers of palladium on 
silica catalyst. The reaction is exothermic and the temperature of the 
gases emerging from the first and second catalyst beds is lowered to 250 
to 300°C with a manually controlled central water spray. The gas stream 
is forced into a circular path and directed into the water spray by spiral 
baffle plates, 
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The gas feed entering the converter and leaving the three trays had the 
following composition : 


^ Sample Point 

Converter After After After 

Component Inlet First Tray Second Tray Third Tray 

C 2 H 2 12.5 6.7 0.7 0.2 

C 2 H 4 39.0 48.5 56-57 63.0 

C 2 II 5 — — — 3.0 

H 2 — — — 30.0 

Inerts — — — 2.7 


The product gas also contains some higher hydrocarbons which could 
be condensed at room temperature. 

The ratio of hydrogen to acetylene in the make-up gas increases with a 
decrease in the activity of the catalyst, as it is necessary to maintain the 
acetylene content of the withdrawn gas at 0.8 per cent or less. When 
excess hydrogen is no longer effective in maintaining this limiting concen- 
tration, the product from the two converters in parallel may be passed 
through a third converter, or even two converters in series. 

Although about 35,000 mVhr of gas are circulated, only about 500 mVhr 
are withdrawn (steam-free basis). This is compressed to 28 atm and cooled 
to separate water. Fractionation of this product in a Linde plant gave a 
product containing 96 per cent ethylene, 2 per cent ethane, 1 per cent 
nitrogen and 1 per cent hydrogen. 

The catalyst consists of palladium deposited on about 3 to 8-mm silica 
gel particles. The quantity of palladium is approximately 0.175 g per 
liter of catalyst. Catalyst life is 3 to 4 months; activity gradually de- 
creases mainly due to the deposition of acetylene polymers on the catalyst. 
However, after removal from the reactor, the catalyst may be reactivated 
with steam and air at 600 °C. 

The yield of pure ethylene was 80 to 85 per cent of theoretical. Ethane 
produced was from 1.5 to 2.5 per cent, while 10 to 12 per cent of oils con- 
taining 85 per cent of heavy oil and 15 per cent of light oil (butenes, 
hexenes and octenes) were also formed. 

Chlorination of Acetylene-" 

The chlorination of acetylene followed by dehydrochlorinations and 
subsequent rechlorinations gives a valuable series of noninflammable 
solvents which are widely used in dry cleaning, metal degreasing, extrac- 
tions of natural oils, and other specialized applications. German manu- 
facture of such chlorinated products apparently followed closely old and 
well established processes and will be discussed only very briefly. 


PB 79317 (BIOS 1056). 
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C4CI6 

Hexachlorobutadiene 
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Table I-l. Physical Properties of Chlorination Products Derived from Acetylene 


Name 

Formula 

Mol.Wt. 

Boiling 

Point 

Freezing Point 

Sp. Gr. 

rrans-dichloroethylene 

Cl H 

\ / 
c=c 

/ \ 

H Cl 

96.9 

48.4 

-50 

1.265 

Cis-dichloroethylene 

Cl Cl 

\ / 
c=c 

/ \ 

H II 

96.9 

60.1 

-80.5 

1.291 

Trichloroethylene 

H Cl 

\ / 
C=C 

/ \ 

Cl Cl 

131.4 

87.0 

-73 

1.4556 

Perchloroethylene 

Cl Cl 

\ / 
c=c 

/ \ 

Cl Cl 

165.8 

121.2 

-22.35 

1.634 

Tetrachloroethane 

Cl Cl 

\ / 
Cl-C— C—Cl 

/ \ 

H H 

167.8 

1 

146.3 

-43.8 

1.600 

Pentachloroethane 

H Cl 

\ / 

Cl— C— C— Cl 

/ \ 

Cl Cl 

202.3 

162.0 

-29 

1.6728 

Hexachloroethane 

Cl Cl 

\ / 
Cl-C— C— Cl 

/ \ 

Cl Cl 

236.76 

185.5 

186.9- 

187.4 

2.091 


The various chemical transformations involved in the syntheses are 
shown on page 19. The physical properties are listed in Table I-l. 

Tetrachloroethane. Dry acetylene and chlorine in almost stoichio- 
metric amounts are bubbled into a solution of tetrachloroethane containing 
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about 0.01 per cent of anhydrous ferric chloride as a chlorination catalyst 
in a packed tower 1.5 m in diameter by 11 m high. The operating temper- 
ature is 80 to 90°C; the tower is operated under reduced pressure (120 to 
130 mm) so that the heat of reaction can be removed from the reaction 
zone by refluxing tetrachloroethane, which is removed at such a rate that 
the liquid level in the tower remains constant. During the reaction some 
dicliloroethylene is formed as well as trichloroethylene, perchloroethylene 
and hydrogen chloride. 

Due to its toxicity, tetrachloroethane was not widely used except as an 
intermediate in the synthesis of other chloro compounds. Hence, most of 
the output of the plant was taken to storage without purification. 

Trichloroethylene. Lime Dehydrochlorination, Tetrachloroethane was 
mixed with a lime slurry (15 to 17 per cent of solids) and heated to 102 to 
103”C in a vertical reactor. The trichloroethylene formed is separated by 
a ring-pa(;ked fractionation section in the top of the reactor. Calcium 
chloride and lime slurry are withdrawn from the base of the tower. The 
crude trichloroeth 3 dene is purified by continuous distillation. 

Vapor-Phase Dehydrochlorination, Trichloroethylene may also be 
prepared by the vapor-phase dehydrochlorination of tetrachloroethane 
over a barium chloride on charcoal catalyst at 230 to 320°C. As shown 
lat(‘r (see page 28), this process Avas also used to generate anhydrous hy- 
drogen chloride, which was subs(xpiently used in the synthesis of vinyl 
chloride. The trichloroethylene prepared by either process must be sta- 
bilized by the addition of triethylamine, naphthol, or phenol. Stabili- 
zation with phenol is claimed to reduce rust formation on the surface of 
degreased iron and steel articles. Trichloroethylene is probably the most 
important chlorinated solvent derived from acetylene and was widely used 
in metal degreasing and dry cleaning. 

Dichloroethylene. Dechlorination of Tetrachloroethane, Tetrachloro- 
ethane is converted to symmetrical dichloroethylene by refluxing at lOO'^C 
in the presence of steam in a tower packed with iron turnings. The steam 
dissolves the film of ferrous chloride from the turnings and thus exposes a 
continuous clean surface. Crude dichloroethylene is taken overhead; 
ferrous chloride solution is withdrawn from the base of the tower. The 
crude dichloroethylene is purified by fractionation. The product is a 
mixture of about equal parts of the cis and trans isomers. 

Direct Chlorination of Acetylene, Direct chlorination of acetylene in the 
gas phase at 40°C in the presence of an activated charcoal catalyst is 
claimed to yield practically pure ^rans-dichloroethylene with about 10 
per cent of tetrachloroethane. Dichloroethylene is used in the formula- 
tion of rubber cements, for the extraction of oils from thermolabile natural 
products, and for the decaffeinization of coffee. 

Pentachloroethane. Chlorination of trichloroethylene in liquid phase 
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at 80 to 90°C in the presence of 0.2 to 0.3 per cent of anhydrous ferric 
(*hloride ^ives pentachloroethane. Pentachloroethane when inhaled, even 
in small quantities, over a considerable period of time causes severe and 
permanent liver damage, and Inmce is of little importance except as a 
chemical intermediate. 

Perchloroethylene. Pentachloroethane is dehydrochlorinated with milk 
of lime at 110°C and 200 mm pressure by a process similar to that described 
for the conversion of tetrachloroethane to trichloroethylene. The crude 
overhead is purified b}^ distillation at 180 mm pressure. 

Hexachloroethane. Perchloroethylene is chlorinated at 100 to 120°C 
using 0,025 per cent of ferric chloride as the catalyst. When the con- 
version to hexachloroethane is about (K) per cent, the crude liquor is neu- 
tralized at 90°C with dilute caustic and pumped to shallow, jacketed pans 
for cr^^stallization. The hexachloroethane is separated in a centrifuge and 
dried at 20 to 25'"G. The mother liquor, a saturated solution of hexa- 
chloroethane in perchloroethylene, is recirculated to the chlorinator. Hexa- 
chloroethane was used in chemical smokes and as an insecticide. 

Hexachlorobutadiene. Small quantities (4 tons/month) of hexachloro- 
butadiene were prepared by the following process. Trichloroethylene 
was polymerized to hexachlorobutene by heating at 220 under 50 atm 
pressure. 

Cl Cl Cl Cl 

\ I I / 

The structure of the hexachlorobutene is probably C — C — C=C 

/H H \ 

Cl Cl 

The conversion is about 30 per cent. After separation from the unreacted 
trichloroethylene, the hexachlorobutene is dehydrochlorinated by heat- 
ing to 180°C for 15 to 20 hours in the presence of 0.05 to O.OG per cent 
of anhydrous ferric chloride. The reaction mixture is cooled to 75°C and 
converted to heptachlorobutene by addition of chlorine. The crude 
heptachlorobutene is then dehydrochlorinated at 205 to 210° for 8 hours 
and the hexachlorobutadiene isolated by fractional distillation at 30 to 50 
mm pressure. The main use was apparently as an additive for transformei* 
oils. 

Nitration of Acetylene 

Tetranitromethane^*. The use of nitric acid as an oxygen donor in the 
weapons caused excessive corrosion. Tetranitromethane was in- 
vestigated as a replacement, but it was unsatisfactory as such because of 
its high freezing point (14°C). However, a mixture with 30 per cent of 
nitrogen dioxide had a freezing point of — 27°C. Ten tons of this mixture 
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were prepared and sent to Peenemunde for testing. Apparently some 
corrosion problems, especially in the presence of water, were encountered 
with this mixture. 

Initially, the tetranitromethane was prepared from acetic anhydride 
by the classical method,^^ but this process was not satisfactory because the 

4(CH3C0)20 + 4 HNO 3 C(N02)4 4- 7 CH 3 COOH + CO 2 

product contained impurities which decreased its stability. Later, on the 
basis of the prior work of Orten and McKie^^, the reaction of acetylene with 
nitric acid was employed, using an all-glass reactor scaled to produce 10 
kilos of tetranitromethane per day. The steps involved in the reaction 
were believed to be: 

HC=CH -f 2 HNO 3 — > (N02)2CHCH0 + IhO 

HNOa 

(N02)3Ccooh + 2NO2 + UsO • (no2)3(:(;iio + iisO 

i 

C ()2 + (N02),CII — (N0;)4C + H 2 O 

or overall : 

IiC==.CH 4 - 6 HNO 3 {K(h)4C 4- IILO 4* 2 NO., 4* CO, 

However, only 00 per cent of the acetylene reacted as above, while 40 
per cent underwent complete oxidation. 

The first stages of the reaction were carried out in a tower 2 meters high 
and having a working capacity of 0 liters. The liquid feed was 2.4 liters 
per hour of 98 per cent nitric acid containing 0.330 g of mercuric nitrate, 
which was the process catalyst. Acetylene was introduced at the bottom 
of the tower at 93.5 liters per hour. The* reaction was maintained at 
50°C. The solution of nitroform in nitric acid overflowed to three steam- 
heated nitration vessels of 3-liter capacity, connected in series. Sulfuric 
acid from the tetranitromethane purification tower was also fed to the 
first of these nitrators, which was heated to about 90 °C. A total contact 
time in the nitrators of about 3 hours completed the nitration of the nitro- 
form to tetranitromethane. 

The warm mixture leaving the final nitrator quickly separated, and the 
top layer of tetranitromethane was fed to a purification tower 2 meters 
high where it was contacted with 1.7 liters per hour of 95.5 per cent sulfuric 
acid. Pure tetranitromethane (m.p. 13.8 to 14.0°C) left the top of the 
purification tower at a rate of 440 to 460 g per hour. The sulfuric acid 
wash was fed back to the first nitrator. 

u “Organic Syntheses,*^ Vol. 21 » p. 105, John Wiley <fe Sons, Inc., 1942, 

« /. Chem, Soc., 1920 , 283. 
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Nitrofonn. Nitroform has been prepared by the reaction of tetra- 
nitromethane with potassium hydroxide and hydrazine, but the procedure 
was hazardous since hydrazoic acid, and not nitrogen, as believed by 
Orten and McKie, was formed simultaneously. A second method was 
based on the reaction of tetranitromethane with potassium hydroxide and 
hydrogen peroxide: 

C(N02)4 + 2KOH + H 2 O 2 KC(N02)3 4- KN ()2 + O 2 + 21120 

The nitroform was liberated from the potassium salt by distillation at 
reduced pressure in the presence of sulfuric acid. 

Later, it was discovered that nitroform could be extracted from the 
reaction product of acetylene and nitric acid using nitrogen dioxide at. 
0°C as the solvent. It is believed that the idea of using nitrogen dioxides as 
a solvent for the recovery of nitro compounds had been applied to other- 
systems as a means of reducing the sulfuric acid concentration load in 
German explosive plants. Nitroform was an excellent rust inhibitor when 
incorporated in polyvinyl acetate emulsions and was supei-ior to sodium 
nitrite as it did not break the emulsion. 

Some research was carried out on the addition of nil roform t o unsatur- 
ated compounds, and reactions with car-bonyl compounds. Typical 
examples are: 

(1) Addition to Methyl Acrylate 

CHo^CHCOOCHa + CH(N()2h-^ (N()2)HC--(4r2C^H2(U)()(JH, 


Subsequent reactions of the rnethyl-gamma-trinitro butyrate led to 
dimethyl-gamma-keto pimelate : 

(N02)aCCH2CHjC00CH, - KNO 2 + O 2 + 2 H 2 O + 

(N02)2C- CHsCJHsCOOCH, 


K 


nci 


(N02)3CCH2CH2C00CH3 

(N02)2CCH2CH2C00CH3 + KNO 2 + 02 + 2 H 2 O 
I CH2=CHC00CH3 

Ki 

CH300CCH2CH2C(N02)2CH2CH2C00CH2 

Im 


CH300CCH2CH2CCH2CH2C00CHa 

11 


o 


(2) Addition to Vinyl Methyl Ketone 

CH(N02)3 + HjC^CHCOCHb (N 03 ),CCH,CH,C 0 CH 5 
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The gamma-trinitropropyl methyl ketone was comparable to hexagen in 
explosive power. 

(3) Addition to Acetylene 

HC=CH + ('H(N02):, CH2==CHC(N02)3 — 

C(N02)3 

/ 

(N02).,CCH,CH2C(N02)3 + CHaCH 

\ 

CCNOj), 

(4) Reaction with Carbonyl Compound's 

HCHO + HC(N02), H()CH2C(N02)3 

The reaction, which apparently takes place spontaneously, is reversed by 
alkali. 

With unsatiirated aldehydes such as crotonaldehyde, addition to both 
the unsaturated carbon-carbon bond and the carbonyl group may occur. 
The carbonyl group may them be regenerated by the action of weak alkalies: 

H 

I 

C^II,C4I=(UK:H0 + 2CUmh)^ -> CII 3 CHCH 2 — c— C(N02)« 

(02N)3(^ oh 

OH- 

CII 3 CHCH 2 CHO + CII(N02)3 

I 

C(N02)3 


Vinyl Monomers 

Vinyl Acetate. Vinyl acetate monomer served as the basis for the 
production of polyvinyl acetate, polyvinyl alcohol and the polyvinyl 
acetals. The vinyl acetate plant at Hochst, with a production capacity 
of 1,000 tons per month, was the largest in Germany. A new unit of 
1,000 tons per month capacity was under construction, and a small portion 
of the equipment had already been installed. 

The old Wacker process employing a mercury catalyst in liquid phase 
was discarded in favor of the new catalytic vapor-phase process. A 
description of the process follows^®. 

Acetylene was generated from calcium carbide in “wet^^ type units. 
The resulting gas was purified by scrubbing with a sulfuric acid-sodium 
dichromate solution, chilled to remove water, passed over a mixture of 
potassium bichromate and sulfuric acid on kieselguhr placed in 2-inch 
layers on a tray-type unit for further purification, and finally dried by 
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passing over sodium hydroxide. It was essential to remove all traces of 
hydrogen sulfide and phosphine from the acetylene. 

Fresh acetylene plus recycled gas was blown through acetic acid main- 
tained at approximately ()0°C to yield vapor containing 23 weight per cent 
of acetic acid. The vapoi’S passed through a heat exchanger and then 
through a preheatei* where they were superheated to a temperature of 
17()°C prior to entering the catalytic unit. The temperature in the con- 
verter varied. Initially, with fresh catalyst, operation was begun at 
17()°C, This temperature was increased gradually to a maximum of 
210°C at the completion of the catalyst life cycle. The converter exit 
gases Avere interchanged, passed through a separator to remove carbon dust, 
cooled initially with wateu' to 40°C, then to 10°C with cold water, and 
finally to 0°C with brine. The resulting gases in part \vcre bled to waste 
to remove the inert gases, the balance being reheated and recycled to the 
system by a blower. 

The liquid product collected contained approximately 60 per cent of 
vinyl acetate and 40 per cent of acetic acid. This mixture was distilled 
continuously in a series of three columns to yield: (a) a low-boiling over- 
head consisting essentially of acetaldehyde and acetone; (b) vinyl acetate 
monomer; and (c) acetic acid for recycling. In these distillation oper- 
ations, thiodiphenylamine was added as a stabilizer to prevent resin for- 
mation. The pure vinyl acetate monomer could be stored without the 
addition of stabilizers. The yield of vinyl acetate was 92 to 95 per cent on 
acetylene and 97 to 99 per cent on acetic acid. 

The converters (Figure 1-6) consisted of steel units filled with a number 
of 2-inch diameter water-cooled tubes arranged horizontally. The con- 
verter was box-shaped, I'oughly 6 ft wide, 10 ft high and 20 ft long. Gases 
entered through a top header, flowed downward through the catalyst bed 
and entered a lower bottom header. The linear velocity of the gas flowing 
through the catalyst bed, based on the free space in the catalyst mass, was 
2.0 ft per second. The electrically heated reactor shown in Figure 1-7 
had recently been replaced by a high-pressure steam-heated unit. 

The catalyst was contained between a series of approximately |-inch 
steel plates set vertically 1 inch apart. Each converter contained about 
490 cubic feet of catalyst consisting of 3 to 5-mm granules of activated 
carbon impregnated with zinc acetate solution so as to contain 100 parts of 
carbon and 15 parts of metallic zinc equivalent. No promoters were used. 
Calcium, mentioned in the literature, showed no advantages; traces of 
copper were particularly harmful since copper tends to form cuprene. 

The “on stream time” of a converter was about 2 months, during which 
time 700 to 900 tons of vinyl acetate were produced at a monthly rate of 
400 to 500 tons. At the end of this period, the catalyst was removed by 
blowing it out with a current of air and discarded. In order to provide 
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continuous operation, three converters were piped so that two units in 
parallel could be ‘^on stream” at any one time. 



Figure 1-6. Ilochsi vinyl acetate converter under construction. 



Figure 1-7. Vinyl acetate flow scheme. 


Vinyl Chloride. The Germans had several plants for producing vinyl 
chloride ; except for minor differences in mechanical details, these were 
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based upon the same chemical reaction, namely, the addition of hydrogen 
chloride to acetylene: 

HteCH -f HCl H2C=-CHC1 

The process employed in the Burghausen plant was the latest and will be 
described here. 

Preparation of Hydrogen Chloride. Tetrachloroethane was catalytically 
decomposed at 250 to 300°C and atmospheric pressure using barium 
chloride as the catalyst : 

CHClo— OHCb -4 CHCl=CClo + HCl 

Tetrachloroethane is vaporized and superheated to from 200 to 250°C1 
The gas passes into a reactor consisting of vertical steel tubes 35 mm out- 
side diameter and 6 meters long. The catalyst is embedded around the 
tubes, inside which flows high-pressure steam, so that at no point is it more 
than 2 cm from a tube. The total volume of catalyst is 4 cubic m(*ters. 
Hydrogen chloride coming from the reactor is scrubbed with trichloro- 
ethylene in a column 8 meters high and 1 meter in diameter filled with 
Raschig rings. The hydrogen chloride is cooled to — 10°C in a brine cooler 
to remove traces of trichloroethylene. 

The catalyst is prepared by absorbing 30 to 40 per cent of barium 
chloride and 0.5 to 1.0 per cent of mercuric chloride on 3-mm active carbon 
particles. Catalyst life is nearly 4,000 hours, but toward the end of this 
time the temperature must be raised to 300°C. 

Acetylene Purification. The acetylene must be pure and dry. Im- 
purities are removed by washing with chlorine water. Absolute dryness 
is obtained by scrubbing with trichloroethylene containing 5 to 10 per cent 
of 2-methyl pentanediol-2,4. The scrubber is an iron tower 7 meters 
high with a volume of 8 cubic meters and is filled with porcelain Raschig 
rings. The gas passes upward through the tower at a rate of GOO cubic 
meters per hour against a downward flow of 0,000 liters of trichloroethylene 
per hour. 

Preparation of the Vinyl Chloride Monomer. Acetylene and hydro- 
chloric acid are combined by passing the mixture over activated carbon 
impregnated with barium chloride, and containing a trace of mercuric 
chloride. The final monomer is stored in steel tanks under pressure with- 
out added inhibitors. 

The reactors (Figure 1-8) are steel shells 4.5 meters long by 1.3 meters 
in diameter, containing a number of 6-meter iron tubes 3 cm in diameter. 

. The reactors hold 4 cubic meters of catalyst containing 30 to 40 per cent of 
barium chloride, 0.5 to 1 per cent of mercuric chloride and the balance 
activated carbon. The catalyst is packed around the tubes which carry 
cooling water. 
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Four hundred cubic meters of mixed gases, including not less than 40 
per cent nor more than 50 per cent of nitrogen, is circulated per hour; 
80 cubic meters of acetylene are added and 80 cubic meters of vinyl chloride 
are produced hourly. (Nitrogen is used to create a pressure of 10 to 15 
cm of water throughout the equipment to prevent leakage of air into the 



Figure 1-8. Vinyl chloride monomer reactors in Burghausen plant. 

system.) The gases enter the top and bottom of the reactors and leave at 
the middle. The quantity of each gas is accurately controlled by 
rotameters. 

Water is required to cool the reactor and tubes, since the reaction is 
exothermic, yielding 36 to 40 kg cal per mole. With fresh catalyst the 
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operating temperature, controlled by water-cooling, is 120°C; with old 
catalyst the temperature is raised to 180®C. 

The gases leaving the reactors pass through a cooler, where their tempera- 
ture is reduced to 10°C, and then through a scrubber filled with Raschig 
1 ‘ings, where the vinyl chloride is washed out- with trichloroethylene. A 
temperature of is maintained, and th(' resulting trichloroethylene 

solution contains 10 per cent of vinyl chloride. This solution is pumped to 
a pressure column where the vinyl chloride is separated at 3 atm gauge 
pressure; 90 per cent pure vinyl chloride is removed. The vinyl chloride 
is washed with a 15 per cent sodium hydroxide solution. Final drying is 
ac(a)mplished by passing the monomer through towers containing calcium 
chloride. These towers are reloaded once a week. 

For each ton of vinyl chloride monomer, 418 cubic meters of acetylene, 
000 cubic meters of hydrogen chloride, 4 kg of activated charcoal, 2 kg of 
barium chloride, 0.06 kg of mercuric chloride, 1.6 kg of calcium chloride, 
30 kg of caustic soda as a 15 per cent solution, and 5 kg of trichloroethylene 
are i*equired. 

Acrylonitrile^^ In addition to the older process for preparing acrylo- 
nitrile by the dehydration of ethylene cyanohydrin, the direct addition of 
hydrogen cyanide to acetylene had been carried out in several small plants. 
The largest plant employing the direct process was at Leverkusen ; it had 
a capacity of approximately 120 kg per hour. Although the equation: 

HC=CH + IICN H2C=CHCN 

would appear to represent a very simple synthesis, small percentages of im- 
purities such as vinyl acetylene, divinyl acetylene, chlorobutadiene, 
cyanobutadiene, lactonitrile, and catalyst tars are formed ; these introduce 
troublesome difficulties in operation and purification of the acrylonitrile 
produced. Although acrylonitrile of better than 99 per cent purity can be 
obtained fairly readily, the material is not of sufficiently high purity for 
polymerization due to its divinylacetylene content, and the problem of 
further refining to polymer requirements is still under study. 

Process, The process is normally carried out by passing a 10/1 mixture 
of acetylene and hydrogen cyanide up through a vertical brick- or rubber- 
lined reactor 1.68 m in diameter and 7.5 m high, containing a solution of 
cuprous chloride, ammonium chloride and hydrogen chloride. Acryloni- 
trile is removed from the product gas as a 1.5 to 2.0 per cent solution by 
extraction with water in an absorption column. The acetylene leaving the 
absorber carries with it appreciable percentages of vinyl acetylene, divinyl 
acetylene, etc. and presumably their presence in the recycle gas causes the 
formation of tar in the reactor with a subsequent decrease in catalyst life. 
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The 1.5 to 2.0 per solution of acrylonitrile in water is di.stilled in a 
stripping column and subsequently redistilled in a second column at 140 
mm pressure to give the so-called pure acrylonitrile of 99 per cent or better 
purity. 

Catalyst. The catalyst charge to the reactor is as follows: 

CujCb 7235 kg 

HsO 6225 kg 

NHiCl 3911kg 

37%HC1 229 kg 

Initially this catalyst solution produces 15 g of acrylonitrile per liter per 
hour, but after about 3 weeks’ operation when it is discharged to recover}'’, 
this falls to about 9 g per liter per hour. Hydrochloric acid continuou.sly 
disappears from the catalyst and is replaced by the addition of 60 to 90 
liters of 37 per cent hydrochloric acid per day to maintain a pH of 1.0. 



Chapter II 
Vinylation 

Vinyl Ethers 

Shortly before 1930, at the close of his work on the development of the 
technical processes for the preparation of butadiene by the four-stage 
process via acetaldehyde, aldol, and 1,3-butylene glycol, Reppe and his 
group turned their efforts to new syntheses based on acetylene. Syntheses 
for vinyl chloride, vinyl acetate, acrylonitrile, and acrylic esters from 
acetylene, or products derived therefrom, were knovm. However, at the 
time, no suitable methods for preparing vinyl ethers were in existence, but 
it was believed that they should be included in the above list because 
polymers of this class of compounds should have unusual properties, and 
should not undergo hydrolysis. The literature indicated only the following 
possibilities for the synthesis of vinyl ethers: 

(1) From chloroacetal and sodium at 130 to 140°Ch 

(2) From bromoacetal and magnesium powder at 100 to 1 10°('^ 

(3) From beta-iodoethyl ethyl ether and sodium methylatel 

(4) By the reaction of acetylene with sulfuric acid under pn^ssure at 
0°C or lower, preferably, in the presence of mercuric salts, followed by 
treating the vinyl sulfuric acid with alcohoF. 

(5) From acetals by heating with phosphorus pentoxide in the presence 
of quinoline®. 

(6) By catalytic removal of alcohol from acetals®. 

Methods (1), (2), and (3) were not suitable for the preparation of large 
quantities of vinyl ethers because of low yields and the nature of the re- 
actants. Reaction (4) appeared questionable because the vinyl ethers are 
extremely sensitive to acids and undergo immediate resinification with sul- 
furic acid. Attempts to check this patent yielded no trace of vinyl ether. 
Reaction (5) did not appear promising. The yields from method (6), 
using nickel catalysts or fragments of clay, were small because primary and 
secondary by-products such as acetaldehyde, crotonaldehyde, carbon 
monoxide, methane, etc., were produced. 

1 Ann., 192. 106 (1878). 

* Compt, rend,j 140, 795 (1905). 

® Bull. 80C. chim. (2) 44, 458 (1885). 

^ D. R. Pat. S38,m. 

« J?er., 31, 1021 (1898). 

• Momtsh., 51, 234 (1929). 
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Howeyer, by the use of noble-metal catalysts, Reppe found that the 
preparation of vinyl ethers from the corresponding acetals can be made to 
go in about 90 per cent yields with a GO to 65 per cent conversion per pass 
according to the reaction scheme^: 

H H OC 2 H 5 

I 1/ 

HC— C > CjHfiOH + CH2=CH0C2H5 

I \ 

II OC 2 H 5 

After many unsuccessful attempts to find a more feasible method than 
the above for preparing vinyl ethers, the surprising discovery was made, in 
contrast to all information in the literature, that vinyl halides react easily 
with alcoholates to produce the corresponding vinyl ethers in yields of 90 
per cent®. The reaction may be carried out with excess alcohol as a solvent 
in the presence of alkali hydroxides at 80 to 100°C in an autoclave. The 
usual procedure is to dissolve either the alkali metal or the alkali hydroxide 
in the alcohol, then to add the vinyl halide, and heat the reaction mixture 
to 80 to 100°C. The reaction is complete when no further pressure drop 
occurs. The salt is filtered off and the vinyl ether isolated by fractional 
distillation. 

The reaction of a vinyl halide with the alkali metal salt of a hydroxy 
compound is fairly general in scope; mono- and polyfunctional aliphatic 
alcohols, hydroaromatic and aromatic alcohols as well as mono- and 
polyfunctional phenols and napthols can be converted into the correspond- 
ing vinyl ethers. The reaction is somewhat more sluggish with aromatic 
compounds than with aliphatic, and tl;ie yields are usually poorer. In- 
stead of vinyl halides, the more readily available alkylene dihalides or 
alkylidene dihalides may be used if sufficient alkali is present®. 

Reppe, as was apparently his habit, dramatized the events concerning 
the running of the first reaction of a vinyl halide with a sodium alcoholate 
in the following words: 

‘T charged a fairly large autoclave with several liters of absolute alcohol, 
dissolved in it a substantial amount of sodium metal and forced into the 
vessel under pressure vinyl chloride corresponding to the quantity of 
sodium. The temperature in the autoclave rose quickly from 80 to 110°C 
without a remarkable increase in pressure. The final pressure of 5 atmos- 
pheres was due primarily to the partial pressure of the alcohol at the 
reaction temperature. However, according to the ideas prevailing at this 
time, vinyl chloride and sodium alcoholate were supposed to form free 
acetylene, which in the sealed autoclave would be under pressure at ele- 

’ D.R.Pat, S^6,8S6; U,S.Pat, 1,981,868. 

^D.R.Pat. 550,408; U.S.Pat. 1,941,108. 

^D.R.Pat. 618,679; 585,188; U.S.Pat. 1,941,108. 
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vated temperatures. In any case, an explosion was expected to occur and 
disastrous consequences were anticipated according to all that was known 
about acetylene explosions. Nothing of that sort happened, however. 
After cooling dowm, the autoclave was opened and found to contain only 
minor quantities of acetylene in addition to the alcoholic solution of vinyl 
ether and equivalent quantities of salt.” 

During this work on the reactions of vinyl halides with alcoholates, a very 
significant observation was made, namely, that the small quantity of 
acetylene which was formed as a by-product decreased when the reaction 
mixture was maintained at reaction temperature, or higher, for a long time 
after the primary reaction was presumably complete. This observation 
naturally suggested the possibility that the alcohol, under the catalytic* 
influence of sodium alcoholates, had added to the acetylene to produce a 
vinyl ether. This concept, as will be seen later, was of fundamental im- 
portance in the development of a technically feasible method of synthesiz- 
ing vinyl ethers, but more significantly, it led to an entirely new chemistry 
of acetylene, the outstanding feature of which is the use of acetylene under 
pressure. 

Experiments to prove the validity of the concept of the addition of 
alcohols to acetylene under pressure in the presence of alcoholates were 
immediately carried out. Reppe again dramatizes the conditions attend- 
ing the first run as follows : 

decided to carry out the reaction in a 5-liter autoclave fitted with a 
stirrer (at this time, I did not have the small, safe experimental devices 
which are in use today). The autoclave was charged with 2 liters of 
absolute alcohol containing 5 per cent of caustic potash in solution, and 
closed. The air was displaced by nitrogen, then 5 atmospheres of nitrogen 
were pressed into the vessel and then 10 atmospheres of acetylene from a 
steel cylinder, the total pressure amounting to 15 atmopsheres. The 
stirrer was started and the temperature raised slowly. Nothing unusual 
happened — ^although a terrific explosion was likely to happen any second — 
and we continued heating. Nothing happened at 80®, nor at 100® except 
the normal pressure rise due to the higher vapor pressure of the alcohol 
at the higher temperature. The temperature was further increased to 
120, 130, 140 and finally to 170®C, the pressure increasing to 30 atmospheres 
at the highest temperature. Our tension in the meantime had reached its 
peak. There was a likely chance that our experiments would miscarry, and 
on the basis of the existing knowledge of the behavior of acetylene under 
pressure at elevated temperatures, a violent explosion could be expected 
with certainty. But nothing of that sort happened. At 180®C, the 
pressure no longer rose but Actually dropped, proving that the desired 
reaction had actually taken place. When the pressure at 180^0 had 
dropped to 8-10 atmospheres, we pressed in more acetylene to bring the 
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pressure back to 20 atmospheres. Again, there was a rapid pressure drop 
to 10 atmospheres, and we continued the addition of acetylene until no 
more gas was absorbed. A rough calculation indicated that one mole of 
acetylene per mole of alcohol had been absorbed. After cooling, the 
autoclave was opened and the contents worked up to give a quantitative 
yield of ethyl vinyl ether. 

Following this initial success, the addition of a wide variety of alcohols to 
acetylene was investigated. Later, it was shown that other hydroxy 
compounds such as phenols and carboxylic acids, and their sulfur analogs, 
and even amines, imines, and amides containing a hydrogen atom on the 
nitrogen atom would add to acetylene under pressure in the presence of 
an alkaline catalyst to yield the corresponding vinyl compounds. The 
general process of adding such molecules to acetylene is now commonly 
referred to as “vinylation,” which may be formulated as: 

+ -Qll -QCH=CIl2 

where Q may be oxygen, sulfur or nitrogen. It should be noted that the 
“vinylation reaction’’ is an addition reaction involving the triple bond of 
a(*(^tyleiie, and that the resulting products are vinyl compounds containing 
a double bond instead of the triple bond originally present in the acetylene. 

At the present time, the following generalizations concerning the “vinyl- 
ation” of alcohols and phenols can be stated. 

Temperatures. In general, a temperature of 150 to 160°C is favorable. 
Methanol, however, will react readily at 120®C. 

Pressures. With hydroxyl compounds boiling lower than the pre- 
ferred vinylation temperature of 150 to 160°C, the vinylation reaction 
must be carried out under pressure. ‘With low-boiling alcohols in liquid- 
phase vinylation, the total pressure in the system is largely dependent on 
the vapor pressure of the alcohol, and vinylations of methanol have been 
carried out at 30 atm pressure. However, the vinylation of alcohols such 
as butanol may be performed without pressure if a quantity of alkali 
sufficient to raise the boiling point to the vinylation temperature is dis- 
solved in the alcohofi^. This procedure is of no commercial significance, 
because the consumption of alkali is substantial due to side reactions 
between acetylene and alkali, and between alcohol and alkali. Another 
procedure by which the operating pressure can be reduced is to use high- 
boiling diluents^^ Obviously, pressure is not required for the higher- 
boiling alcohols, such as glycols, octadecyl or montanic alcohol, etc. 

Catalysts. A solution of 0.5 to 1.0 per cent of sodium or potassium metal 
in the alcohol is sufficient. The same effect can be obtained more easily 
by the addition of 1 to 2 per cent of alkali hydroxide. Salts exhibiting a 
pronounced alkaline reaction, such as sodium or potassium cyanide, may be 

U.S.Pat. 2 ,021,869. 

D.R.Pat., 726M7. 
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used^l In special cases, such as in the vinylation of hydroxy carboxylic 
acid esters, esters of polyhydric alcohols (e.g., mono and diacetin), chlorin- 
ated phenols, etc., it has been found advantageous to use zinc and cadmium 
salts of organic acids (zinc acetate, zinc naphthenate, etc.)^®. 

Alcohols. Addition of alcohols to acetylene takes place readily with 
primary and secondary alcohols of the aliphatic series up to montanic 
alcohol. Tertiary alcohols react more slowly. Polyfunctional alcohols 
such as glycol, glycerin, 1,3-and 1 ,4-butyleneglycol, sorbitol and partially 
etherified or acetalized carbohydrates having a free hydroxyl group, etc., 
may be vinylated to give partially or completely vinylated products. 
In some cases, the polyfunctional alcohols may give the cyclic acetals rather 
than the vinyl ether. Cyclohexanol, substituted cyclohexanols, decalols, 
terpene alcohols, hydroabietanol, etc., also yield vinyl ethers. Hetero- 
cyclic hydroxyl-containing compounds, such as hydroxyfuran, etc., may be 
vinylated. 

Vinylation of the hydroxyl group fails in certain cases where the hydroxyl 
group is of the allyl alcohol type. Thus, allyl alcohol, crotoyl alcohol and 
2-butene- 1 ,4-diol cannot be successfully vinylated. However, if the 
double bond is more remote, for example as in oleyl alcohol, vinylation 
takes place normally. 

Alkanolamines. Aliphatic and aromatic hydroxyalkylamines such as 
mono-, di- and triethanolamine, beta-hydroxyethylaniline, etc., can be 
readily vinylated using potassium hydroxide as the catalyst. If the vinyl- 
ation of a secondary alkanolamine such as beta-hydroxyethylaniline is 
carried out in the presence of zinc or cadmium acetate catalysts, the vinyl 
ether initially produced undergoes cyclization to the corresponding 
oxazolidine : 


o- 


-NHCH2CH2OH -f HC^CH 


o- 


-NHCH2CH20 

I 

H2C=CH 


CH2CH2 

d>“\ 


CH-0 

CH3 


Phenols. Phenols in general react less readily than alcohols ; however, 
the vinyl ethers of phenols, substituted phenols and naphthols can usually 
be prepared in satisfactory yields provided no group which is sensitive to 
alkali is present. The difference in reactivity between phenols and al- 
cohols is attributed by Reppe to the greater acidity of the phenol, resulting 

D.R.Pat. 

»» 17. Pat, Brit. Pat, 481,889, 
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in a stronger binding of the oxygen to the alkali metal, thus hindering the 
penetration of acetylene between oxygen and alkali metal. As confir- 
mation of this theory, he claims that a much smoother vinylation of phenols 
occurs if the more basic potassium is used instead of sodium. It is also 
claimed that hydroxyl groups of exceptionally pronounced acid character 
such as in alizarin cannot be successfully vinylated. 

Vapor Phase Vinylation. The vinylation of alcohols and phenols is 
usually done in liquid phase. However, in some instances it can be 
successfully carried out in the vapor phase by contacting the vapors of the 
alcohol and acetylene at 150 to 350°C with strongly basic compounds such 
as soda lime, sodium zincate, or an alkali hydroxide on carbon^^. The vinyl 
ethers are obtained in good yield, but apparently this process has never 
attained any technical importance, primarily because catalyst life is limited 
and difficulty is experienced in removing the heat of reaction. 

By-Products. The vinylation of an alcohol is generally a clean-cut 
reaction. However, several side reactions may occur to a limited extent. 
Acetals corresponding to the alcohol used may be formed, particularly in 
the vinylation of polyfunctional alcohols containing hydroxyls situated 
1,2 or 1,3 to each other so that cyclic dioxolanes, or 1,3-dioxanes can 
result. A side reaction of greater importance is the gradual conversion of 
the alkali alcoholate to the alkali salt of the corresponding acid and hy- 
drogen ; for example, it is known that potassium butylate is converted to 
potassium butyrate and hydrogen at 185 °C. The control of this reaction is 
important in commercial manufacture of vinyl ethers because: (1) as the 
catalyst is consumed, the rate of reaction slows down; (2) the hydrogen 
concentration in the recycle gas gradually builds up and must be reduced 
or removed by venting it, together with some acetylene, from the system. 

General Procedure for Production of Vinyl Ethers 

Vinylation at Atmospheric Pressure. Alcohols boiling above the vinyl- 
ation temperature of 160 to 180°C can be vinylated very simply in a 
reaction tower 1.2 meters in diameter and about 10 meters long, packed with 
Raschig rings. The tower is filled with the appropriate alcohol containing 
1 to 5 per cent of catalyst (preferably potassium hydroxide) and heated to 
reaction temperature. The air is displaced by nitrogen and the nitrogen in 
turn by acetylene, which is continuously recycled up through the liquid ; 
the quantity of acetylene recycled by a circulating pump should be at least 
twice the quantity consumed in the reaction. Vinylation takes place 
rapidly. The heat of reaction is approximately 30 kg cal per mole of vinyl 
ether and must be removed by cooling coils. The acetylene absorbed is 
replaced automatically from a gasometer. A small amount of waste gas 
is continuously vented from the recycle gas to prevent build-up of inerts 

Z). E. PaL 6S9,84S; U, S. PaL ^,066,076. 
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and lowering of the acetylene concentration. Measured quantities of al- 
cohol containing about 1 per cent of dissolved catalyst are fed continuously 
to the top of the tower; an equivalent quantity of the vinylated mixture 
is withdrawn from the base of the tower by a siphon. The vinyl ether is 
then isolated by distillation, preferably under reduced pi*essure. The yield 
is practically quantitative*. 

Vinylation under Pressure^^ Vinylation of the lower alcohols from 
methyl through butyl must be carried out under pressure because of the 
low boiling point of the alcohols and the still lower boiling points of their 
vinyl ethers. It may be (tarried out batch wise* in an autoclave, but is 
preferably done by a continuous process. The operating procedure in 


Table 11-1 


Operating Data 


Production of vinyl ether (kg/hr) 

% KOH by weight in catalyst sola 

Temperature of reaction (°C) 

Pressure (atm) 

% Acetylene by volume in gas cycle before tower inlet 

(remainder nitrogen) 

Kecycled gas (mVhr) (N.T.P.) 

Combined acetylene (mVbr) at 95% yield 

% Acetylene in recycle gas 

Alcohol feed (kg/hr) 

KOH feed (kg/hr) 

Acetylene feed (mVhr) 


Vinyl 

i Vinyl 

Vinyl 

Methyl 

i Ethyl 

Isobutyl 

Ether 

! Ether 

Ether 

500 

500 

50() 

20 

15 

i 12 

160-165 

15^160 

i 150-165 

20-22 • 

i 

18-20 

1 4-5 

1 

55 

60 

1 

i 90 

870 

640 

220 

215 i 

173 

1 124 

45 

45 ; 

63 

700 

800 

900 

25 1 

20 i 

15 

230 

194 

140 


vinylating the lower alcohols is summarized in Table II-l, which gives the 
most important figures for continuous production of vinyl ethers in a 
tower 10 meters high and 1.2 meters in diameter, producing about 300 
tons per month. A schematic drawing of such a plant is shown in 
Figure II- 1. 

In principle, vinylation under pressure is similar to atmospheric pressure 
vinylation. The empty tower which contains no packing is filled with 
nitrogen under pressure. A catalyst solution somewhat more dilute than 
the desired concentration is introduced and heated to reaction temperature. 
Circulation of nitrogen is started and the excess alcohol is distilled off. 
This procedure removes water and favors the formation of the potassium 
alcoholate : 


ROH + KOH ROK -h H 2 O 


PR 79606 {FIAT 1080). 
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When the required catalyst concentration is reached, acetylene is introduced 
until the desired acetylene-nitrogen ratio is attained — acetylene, nitrogen 
and some hydrogen being vented. Acetylene, alcohol and catalyst solution 
are now added at the rates shown in the table. The vinylation takes place 
rapidly ; the heat of reaction is removed by vaporization of the vinyl ether 
and some alcohol. The gas stream passes to a dephlegmator which con- 
denses some of the alcohol and returns it to the tower. The gases are then 
condensed. The condensate passes to a pressure degasser to remove the 
dissolved acetylene, which is appreciably soluble in the vinyl ether. The 



ether is then distilled ; usually 6 to 8 per cent of the alcohol is carried along 
as an azeotrope. This crude ether is suitable for some purposes, such as 
in the preparation of acetaldehyde. For polymerization, however, the 
ether must be further purified by washing with water to remove the alcohol, 
followed by drying and distillation, preferably over an alkali or alkali 
metab®. 

Some impurities, principally the alkali salt of the carboxylic acid derived 
from the alcohol, are formed during the reaction, so a purge amounting to 
perhaps 20 per cent of the volume of the ether /alcohol distilled is taken, 
from which the alcohol is recovered by distillation. The recycle gas is also 
vented periodically to prevent build-up of impurities, particularly hydrogen. 

About 30 to 60 per cent of the acetylene is consumed per pass, while 5 


Ind. Eng. Chem., 89 . 180 (1947). 
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to 10 per cent is lost in the off gas. The yield of vinyl ether is 90 to 95 
per cent, based on the acetylene fed. 

Reactions of Vinyl Ethers* 

The vinyl ethers are unusually reactive vinyl compounds, as is shown by 
the ease with which they undergo: (a) numerous addition reactions in- 
volving the double bond; (b) hydrolysis with aqueous acids; and (c) 
polymerization with acidic catalysts. 

Additions to the Double Bond. (1) Addition of Hydrogen. The vinyl 
ethers are easily reduced to the corresponding alkyl ethyl ether by hydro- 
gen at room temperature in the presence of hydrogenation catalysts such 
as Raney’s nickel. 

rOCH=CH 2 -f H2 -> ROCH2CH3 

Reppe claims that vinylation followed by reduction is a useful method of 
ethylating compounds which cannot be ethylated with ethyl halides or 
diethyl sulfate. 

(2) Addition of Alcohols. Vinyl ethers react readily with alcohols and 
phenols, in many cases by simply heating, to yield acetals^^. Anhydrous 
acidic catalysts such as hydrogen chloride, boron fluoride, etc., catalyze the 
addition. The acetals produced may be symmetrical or unsymmetrical 
depending on the alcohol used : 

RO 


R 0 CH=CH 2 4 - ROH 


/ 


CHCH3 


RO 
RO 

\ 

ROCH=Cll2 + R'OH > CHCH3 

/ 

R'O 


R'O 


II 'OH 


R'O 


/ 


CHCH3 -f ROH 


RO 


RO 


\ 

( 

/ 


ROH 


CHCH3 4 - R'OH 


If an excess of an alcohol differing from the alcohol vinylated is used, the 
reaction mixture consists of a mixture of the unsymmetrical acetal and the 

* Recently two American companies, Carbide and Carbon Chemicals Corp. and 
General Aniline and Film Corp., have announced the commercial availability of 
several of the lower aliphatic vinyl ethers. 

D. R. Pat. SeefiSS; U. S. Pat. 
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two symmetrical acetals. Where ROH is lower-boiling than R'OH, it is 
possible to shift the equilibrium by distilling out the more volatile alcohol, 
producing only the symmetrical acetal in which the alkyl group originally 
present in the vinyl ether has been displaced. 

In general, the addition of an alcohol to a vinyl ether gives excellent 
yields of the desired acetal and is much superior to the classical methods 
involving acetaldehyde reactions. 

The ease with which alcohols and phenols add to vinyl ethers is, of course, 
the reason why acetals are obtained as by-products in the synthesis of 
vinyl ethers. This is particularly true in the vinylation of 1,2 or 1,3- 
dihydroxy compounds where the formation of 5- and G-membered rings is 
possible. Thus the vinylation of glycerin may take place as follows : 

CHo— CH—CIb + 2 IIC=CH > CHo— CH~ CIT20CH=CU2 

OH OH OH O O 

\/ 

Oil 

vn. 

Likewise, while it is possible to prepare both the mono- and divinyl ethers 
of ethylene glycHjl, the main product of the vinylation if the temperature 
is too high, or if local acidity develops, may be almost exclusively methyl 
dioxolane. Furthermore, the monovinyl ether of ethylene glycol will 
rearrange with almost explosive violence in the presence of acidic catalysts 
to yield methyl dioxolane^^: 

CH 2 OH -f nC=CH > CH20Cll=Clh ^ CH20CH==CH2 

I I I 

CH 2 OH CH 2 OH CH20CH=CH2 

0 CH 2 

H/ I 

CH 3 C CHo 

\/ 

O 

Hydroxypropyl vinyl ether likewise rearranges to the 1 ,3-dioxane'^ 

Polyvinyl alcohol, suspended in chloroform, reacts with the lower alkyl 
vinyl ethers in the presence of hydrogen chloride to form acetals which 
dissolve in chlorinated hydrocarbons^®. 

(3) Addition of Acetals, Mueller-Cunradi claims that acetals in the 

« J. Am, Chem, Soc,, 60, 2716 (1928). 

« J, Am, Chem. Soc., 60, 2725 (1928). 

17. S, Pat. 
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presence of boron fluoride etherates react with one or more molecules of 
vinyl ether as follows^^: 

H OR2 H OR2 

1/ 1/ 

RiOCH=CH 2 + CHaC CH3CHCH2C 


H OR2 

1/ 

nRiOCH=CH2 + CH3C 


OR3 


CII3CH 


iL 


ORi 

CH2-“Cn 

I 

ORi j«_i 


OR3 


CH2C 


H OR2 

1/ 


\ 


OR;; 


OR3 ORi 

A similar reaction is reported to take place with acylals (ether esters). 

(4) Addition of Hydrogen Halides. Hydrogen halides may be added to 
vinyl ethers at low temperatures, preferably in the presence of a diluent, 
without causing polymerization : 

R0CTI=CH2 + IIX -> ROCH— CH3 


X 

Alpha-halo ethers, particularly alpha-chloroothers, may be prepared in 
good yields by this reaction. Thus, n-butyl alpha-chloroethyl ether boiling 
at 38°C/14 mm results when vinyl n-butyl ether is saturated with dry 
hydrogen chloride at 0°C^. 

(5) Addition of Carboxylic Acids. Similarly, carboxylic acids may be 
added to vinyl ethers without causing polymerization^^ The addition of 
low molecular-weight carboxylic acids may be carried out by mixing 
equivalent quantities of the acid and vinyl ether and heating. Traces of 
mineral acids may be used as catalysts and permit the addition without 
heating. The higher carboxylic acids require higher temperatures and 
longer reaction times. This reaction of vinyl ethers is apparently of general 
scope and in general gives excellent yields. The products are ether esters 
or acylals, and are identical with those prepared by the reaction of alpha- 
chloroethers with the salts of carboxylic acids^^. 

O 

11 

R'C— O 

\H 

R'COOH + R 0 CH=CH 2 C— CHa 

/ 

RO 

R'COONa + ROCH— CHa 

I 

X 

“ u. s. Pat. 

“ D. R. Pat. 566,033. 

“ J. Am. Chem. Soc., 68, 2201 (1941). 
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(6) Addition, of Hydrogen Cyanide. More recently, Reppe has claimed 
the addition of hydrogen cyanide to vinyl ethers to produce alpha- 
alkoxypropionii riI(‘S“ 

rOCH=CH 2 + HCN CHsCH— CN 

OH 

Tliis reaction is considei’ably more difficult than the addition of a carboxylic 
acid and is usually carried out at 100-150°C under pressure. Alkaline 
compounds, particularly pyridine, are claimed to facilitate the reaction. 

(7) Addition of Halogens. The addition of halogens to vinyl ethers takes 
place with extreme ease, and in some cases may be explosive. Wislicenus 
prepared both alpha-beta-dibromo- and alpha-beta-dichlorocthyl ether by 
halogenating vin^d ethyl ether at low temperatures in a diluent such as 
carbon disulfide or chloroform^®. The alpha-beta dibromoethers from a 
number of alkyl vinyl ethers have been prepared and characterized by 
Shostakovskii and cowork(U’S by bromination in carbon tetrachloride or 
chloroform at 

Wislicenus also ol)served that iodine not only added to the double bond of 
ethyl vinyl ether, but also caused polymerization, yielding a non-volatile 
product containing iodine. Chalmers reported a similar result with 
n-butyl vinyl ether-^^ 

Recently Cass has (claimed that the halogenation of an alkyl vinyl ether 
in the presence of an alcohol at low temperatures ( — 78^ to 0®C) yields 
about 50 per cent of the corresponding haloacetaP’^: 

HO 


ROCn=OH2 -f- ROH -f X. CIICHoX + HX 

/ 

KO 

(8) Addition of Hydrogen Sidfide. Reppe states that the addition of 
hydrogen sulfide to vinyl ethers produces ethers of thiodiglycol : 

2R0CH-=CH2 -f H 2 S ROCH 2 CH 2 SCH 2 CH 2 OR 
No details are available. 

(9) Reaction with Ammonia and Amines. Reppe claims that in some 
cases the double bond of a vinyl ether may react with an amine. For 
example, in the vinylation of N-beta-hydroxyethyl aniline, l-phenyl-2- 
methyl oxazolidine was obtained, as well as the expected vinyl ether. 

2 ^ Fr. Pat. 89Bfi70; PB 652. 

2 ® Ann., 92, 106 (1878). 

28 J. Oen. Chem. (U. S. S. R.), 13, 1-20 (1943); 14, 102-112 (1944). 

2 ^ Can. J. Research, 7, 472-80 ^932). 

28 U. S. Pat. 2,438,890. 
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Presumably the vinyl ether is first formed and then reacts further with the 
secondary amino group to give the oxazolidine : 


NHCH.C112OH 


I— NnCHjCHa 


/ V I 

CIb=CH CH 


CH2— CHo 

I \ 

N O 

\ 

CH 


The reaction of ammonia with alkyl vinyl ethers in the presence of 
cuprous chloride-ammonium chloride catalysts gave excellent yields of 
2-methyl-5-ethyl pyridine-^ 


4 R 0 CH=CH 2 + NH 3 


TI 5 C 2 - 


/\ 


CIH 


+ 4 ROH 


This reaction was apparently carried out at about 220°C and 200 to 225 
atm pressure. It is claimed that the reaction product consists essentially 
of 2-methyl-5-ethyl pyridine and contains smaller percentages of other 
alkyl pyridines than arc normally present in the so-called “aldehyde 
collidines’^ prepared from acetaldehyde and ammonia. The 2-methyl- 
5-ethyl pyridine was a starting material for the synthesis of nicotinic acid 
amide, since oxidation with 20 per cent nitric acid under pressure at 180°C 
gave nicotinic acid : 


H5C2~, 


/\ 

6HNO3 ^ 


\N/ 

— CH 3 

\N/^ 


V— COOH 


+ 2 CO 2 + 6NO -h 6 H 2 O 


It is claimed that a 20 per cent solution of iron, aluminum, zinc or copper 
nitrate may be used instead of nitric acid. 

(10) Pyrolysis and Rearrangement, The pyrolysis of ethyl vinyl ether 
at 377 to 448°C is reported to yield as primary products acetaldehyde and 
ethylene^®. Butadiene has been obtained as one of the products of the 
pyrolysis of ethyl vinyl ether®^ Methyl vinyl ether at 400®C undergoes 
rearrangement to propionaldehyde®^. 

« Fr. Pat. 89S,S75; PB 602; PB 85173 {FIAT 1314). 

Can. J. Research, 21B, 97-110 (1943). 

« Chem. Revs., 86, 114 (1945); J. Russ. Phys. C hem. Soc., 47, 1487 (1915). 

“ U. 8. Pat. 
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CH 30 CH=CH 2 CHsCIIaCHO 

(11) Reaction with Peracids. The reaction of benzo-peracid with (^thyl 
vinyl ether is report cd to give the ether oxide'*'’^ : 

C2H50CH==CH2 + [ 0 ] C2H5OCH— CH2 

\ / 

0 

Hydrolysis: Synthesis of Acetaldehyde. The vinyl ethers reseniblci 
acetals rather than ethers in their ease of hydrolysis in aqueous acids, and 
in their stability to aqueous alkali. They are rapidly hydrolyzed in the 
presence of aqueous acids at room temperature, yielding acetaldehyde and 
the corresponding alcohol. Presumably, the first step in the reaction is the 
addition of water, forming the hemi-acetal which then decomposes: 

110 

\ 

R0CH=CH2 4- ihO — CHCH 3 ROII -f 


HO 

Under certain conditions the hydrolysis may be used as a method of deter- 
mining the purity of vinyl ether samples®^ 

The synthesis of acetaldehyde by the hydrolysis of vinyl ethers was 
apparently of some interest to the Germans, and by the end of 1937, a new 
process for producing acetaldehyde had been worked out by Reppe.®® 
This process involved the reaction of acetylene with methanol in the 
presence of sodium alkoxides to form methyl vinyl ether, which was then 
hydrolyzed to acetaldehyde and methanol. The overall steps involved 
are: 


CH 3 OH + HC=CH 


0H30CH=CH2 


H2O 


CH 3 OH -f CHaCHO^ 


This reaction scheme is a way of hydrating acetylene without the use of 
mercuric sulfate catalysts. 

Reppe claimed great advantages for this new process as compared to the 
usual hydration procedures using mercury catalysts,* both as regards 
operating efficiency and purity of product. The vinylation reaction can be 
carried out with relatively impure acetylene since the potassium hydroxide, 
unlike mercuric sulfate, is not poisoned by phosphine, hydrogen sulfide, 

Ber., 54, 2163. 

34 Anal Chem., 19 , 1026 (1947). 

3 ® PB 40121 {BIOS 370); PB 79606 {FIAT 1080). 

* See page 6 for a description of this process. 
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etc. Danger of mercury poisoning as well as the loss of approximately one 
kilogram of mercury per ton of acetaldehyde produced is avoided. In 
addition, it is claimed that the acetaldehyde so produced is purer ; blemishes 
and decomposition spots in sheets or films of cellulose acetate due to traces 
of mercury in the acetic acid used are eliminated. 

A plant having a capacity of 170 tons per day of acetaldehyde was pro- 
jected but never built. However, the process had been run on a semi-works 
scale (800 kg/day) at Ludwigshafen. 

Description of Process. Crude methyl vinyl ether (85 per cent ether 
plus 15 per cent methanol) is fed continuously to the base of a hydrolysis 
tower 10 m high and 2.5 in diameter, which contains a 0.25 per cent solution 
of sulfuric acid. The hydrolysis takes place at 80 to 100°C under a pres- 
sure of 2.5 atm. Acetaldehyde, methanol and water are continuously 
vaporized and led to a distillation column 15 m high and 2.6 m in diameter. 
This column may be either a bell-and-plate type or Raschig ring-packed. 
Acetaldehyde is distilled overhead. Aqueous methanol is run off from the 
base of the column to a stirred vessel where any traces of acetaldehyde re- 
maining are resinified by treatment with weak alkaline. It is then distilled 
and recycled to the vinylation tower. 

The yield of vinyl ether from acetylene was 97 per cent and of acetal- 
dehyde from vinyl ether 99 per cent, or an overall yield of acetaldehyde of 
96 per cent. Estimates indicated a slightly higher installation cost but a 
slightly lower production cost for the vinyl ether process. 

However, due to a shortage of alloy steel, the apparatus could not be 
made from V4A steel but had to be constructed from V2A and Remanit. 
Corrosion took place in various parts of the apparatus. It was found that 
this serious corrosion problem could be eliminated if the hydrolysis of the 
vinyl methyl ether was carried out in the vapor phase over a solid, acid- 
containing catalyst. Necessary alterations on the apparatus which had 
been used for liquid-phase hydrolysis were made, and large-scale experi- 
ments were carried out in the following way. 

Vinyl methyl ether is pumped from a tank-car into two storage vessels 
under 2.5 atm nitrogen pressure. The ether is then pumped into the re- 
action tower by 6 atm nitrogen pressure, where it contacts the catalyst at 
210®C in the presence of the required quantity of steam. 

The reaction tower, made from V2A steel, is 8m high and 120 mm in diam- 
eter. Heating (210°C) is effected by high-pressure steam (21 atm). 
The catalyst (80 liters) consists of siliceous extrudings (4 mm) impregnated 
with 6 per cent phosphoric acid. Siliceous extrudings without added 
phosphoric acid have some catalytic activity. Throughput of vinyl methyl 
ether (88 per cent pure with 12 per cent methanol) is 40 liters per hour. 
The water required for the hydrolysis is supplied by 11.5 cubic meters of 
5-atm steam per hour (15 per cent surplus). 
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The vapors from the catalytic tower are advantageously cooled to 90°C. 
(The heated cooling water can be used to heat column 2.) They enter 
column 1 (11 m high, 200 mm diameter) which is packed with Raschig 
rings (15 mm). This column is fed with 40 liters of water (room temper- 
ature) per hour, and 95 per cent acetaldehyde is continuously distilled off. 
The raw acetaldehyde is contaminated with dimethylacetal, methanol and 
water. The still pot of this column is heated to 115°C, and the bottoms 
leave it with a content of 25 to 30 per cent methanol and 0.5 per cent croton- 
aldehyde. This aqueous methanol can be worked up and again subjected 
to vinylation. 

The raw acetaldehyde from column 1 is now distilled in column 2 (8 
m high, 200 mm diameter, packed with 15-mm Raschig rings). The 
dephlegmator operates at 1 :1 reflux and take off is 25 liters of 99.7 to 100 
per cent acetaldehyde per hour. It is cooled and runs into the receivers. 

The bottoms contain a mixture of 29 per cent methanol, 22 per cent 
acetaldehyde, 39 per cent acetal and 6 per cent water which is recycled to 
the catalytic tower by a small pump (1 kilo per hour). Dimethylacetal is 
there decomposed to methanol and acetaldehyde, 

No data are available on yields, catalyst life, etc. However, it is ap- 
parent that the vapor-phase process was considered satisfactory, and it is 
indicated that the process was easier to operate than the original liquid- 
phase process. 

Polymerization: Pol3rvinyl Ethers 

The vinyl ethers in general polymerize only very slowly under the in- 
fluence of heat, light, or peroxide-type catalysts to give very low molecular- 
weight polymers. On the other hand, vinyl ethers polymerize very readily, 
sometimes even violently, in the presence of acid-type catalysts®®. Active 
catalysts include iodine, concentrated mineral acids, metallic halides such 
as those of zinc, tin, iron and aluminum, boron fluoride and its complexes 
with alkyl ethers, tetrahydrofuran, dioxane and gamma-butyrolactone, 
boron fluoride hydrates, sulfur dioxide®^, etc. In general, the preferred 
catalysts are boron fluoride®®, or one of its hydrates or complexes. The 
required quantity of catalyst is very small. All the aliphatic vinyl ethers 
can be polymerized easily with approximately 15 mg of BF3-2H20-C4H80 
or SnCl 4 * 2 (C 4 H 9)20 per kg of vinyl ether. 

Polymers of widely different properties are formed depending upon the 
type and amount of catalyst, the temperature, the diluent, the vinyl ether 
and its purity, and the polymerization technique®®. The polymeric vinyl 

» D. R, Pat. 662,986; 668,779; 679,607; 68^,820; 706,018; 751,608; 762,871; Fr. Pat. 
Pat. 814,849; 841^,677, 

^ D. R. Pat 625,017. 

^D. R. Pat. 591,845. 
ir, Pat. 2,061 ^98 j; 2,098,108; 2^104,000, 
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ethers may be sticky balsam-like sirups, tacky rubbery solids, or non- 
tacky wax-like materials. The higher molecular-weight polymers are 
formed only at relatively low temperatures under very favorable con- 
ditions of polymerization in a diluent such as liquid propane, using a very 
dilute catalyst solution. 

The vinyl ethers may be interpolymerized with other polymerizable 
monomers such as vinyl chloride, vinyl acetate, acrylic esters, etc.^'^ to 
give polymers of modified j)roperties. The interpolymerization may be 
carried out by bulk, solution, or emulsion methods using peroxide-type 
catalysts. In the case of interpolymerization s^^stems where water is 
present, it is nec^essary to maintain the system at pH 7.0 or higher, to 
prevent hydrolysis of the vinyl ether. 

Bulk Polymerization of Vinyl Ethers. Polymerization of the lower 
aliphatic vinyl ethers may be carried out in bulk at the boiling point of the 
ether. Stainless steel kettles fitted with agitators, cooling coils and reflux 
(condensers, and able to withstand only veiy low pressures of the order of 
5 atm may be used. The heat (jf polymerization is removed mainly by 
vaporization and condensation of the vinyl ether; the condensate is returned 
to the reaction. Initially, only a small fraction of the total batc^h charge is 
polymerized, but after this is started, the remainder of the vinyl ether and 
catalyst solution are fed continuously. Precautions must be taken to 
insure that the added vinyl ether is polymerized continuously and does not 
accumulate and later polymerize in an uncontrolled manner. 

When spontaneous polymerization is completed, the product is heated 
slowly to remove the last traces of unrcacted monomer, either by poly- 
merization 01 - by distillaticm. The product is then forcc^l out of the kettle 
under nitrogen pressure and is either sold in this form, or dissolved in water 
or organic solvents depending upon its end use. 

The higher molecular weight vinyl ethers, such as octadecyl vinyl ether, 
may be polymerized even more simply because they are less reactive, and 
their heat of polymerization (per unit weight) is considerably lower. Much 
larger quantities can be polymerized in large batclies without danger of 
sudden temperature increases. 

The bulk polymerizatic^n of vinyl methyl ether is carried out as follows'^k 
Seventy liters of vinyl methyl ether are run into a kettle of one cubic meter 
capacity at 3 to 5°C and then over a period of 30 minutes, 100 to 150 cc 
of a catalyst solution (3 per cent boron fluoride dihydrate in dioxane) are 
added. The temperature rises to 12%) and is kept under control by brine 
cooling and by adding more vinyl methyl ether at 3 to 4°C. During 3 to 
4 hours, 1130 liters of monomer and 800 to 1000 cc of catalyst solution are 
added by manual operation of the feed valves at 10-minute intervals. The 
kettle is then closed and the reaction carried on under the vapor pressure 

U. S. Pat. 2,066,330; 2,016,490; 2,054,019; 2,047,398; PB 87913 {BIOS 1602 ). 

" PB 52876 (BIOS 742 ). 
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of the ether. The temperature and viscosity gradually increase. Sixteen 
to 18 hours from the start, when the current drawn by the stirring motor 
has increased from 15 to 40 amperes, stirring is stopped and the temperature 
allowed to rise to 100°C. When the temperature is constant and the pres- 
sure has fallen, the reaction is finished by distilling oflf any unpolymerized 
vinyl methyl ether monomer. 

The yield of polymeric vinyl methyl other is 92 to 93 per cent of theoret- 
ical. The h value is usuall}^ 45 to 50 (max. 60).* 

Solution Polymerization. Polymerization at low temperatures in a 
low-boiling solvent such as propane was used to prepare polyvinyl ethers 
of high molecular weight (high k value). The polymerization was effected 
at about — 50°C, the heat of polymerization being removed by evaporation 
of the propane. A continuous process in which such a polymerization was 
carried out on a revolving endless belt completely enclosed in a vapor- 
tight housing was used to prepare rubbery polyvinyl ethers such as “Op- 
panol (polyvinyl isobutyl ether) and “Oppanol (polyvinyl isopropyl 

ether)^2 

Properties of Polyvinyl Ethers 

The properties exhibited by the polyvinyl ethers naturally depend upon 
the nature of the vinyl ether used, the conditions of polymerization and 
the k value of the polymer. However, all polyvinyl ethers, in contrast 
to the monomeric vinyl ethers, are remarkably stable toward hydrolysis 
by either acids or alkalies. 

The solubility of the polyvinyl ethers may be varied over wide limits. 
The lowest member of the series, polyvinyl methyl, is not only soluble in 
organic solvents but is miscible with water below 35°C Above 35''C, 
the solubility is reversed and the polyvinyl methyl ether separates from its 
solution, but upon cooling to 35°C or lower, it redissolves The polyvinyl 
ether of 3-hydroxytetrahydrofuran behaves similarly. In both of these 
cases, the monomeric vinyl ether has a very limited solubility in water. 

All other polyvinyl ethers are water-insoluble, but dissolve in most 
organic solvents unless cross-linked to three-dimensional polymers by the 
addition of appropriate agents such as divinyl ether, etc. The solubility 
of some polyvinyl ethers in various solvents is shown in Table II-2. 

The specific gravity of some polyvinyl ethers may be found in Table II-3. 

Physically, the polyvinyl ethers may be oils, soft resinous sirups, wax-like 
or rubbery. Generally speaking, the polyvinjl ethers from the branched- 
chain alcohols are harder and more rubbery than those from straight-chain 
alcohols. Molecular weights as determined by light scattering apparently 

* For definition of the term “A; value, see footnote page 671, 

« PB 67694 {FIAT 944), 



VINYLATION 


51 


range from 100,000 for the viscous sirups to 600,000 to 800,000 for the rub- 
bery solids. 

The high molecular weight polyvinyl isobutyl (“Oppanol C”) and poly- 
vinyl isopropyl (“Oppanol A”) ethers are rubber-like thermoplastics. 


Table II-2. Solubility of Polyvinyl Ethers 


Solvent 

Polyvinyl- 

methyl 

Polyvinyl- 

ethyl 

Polyvinyl- 

isobutyl 

Mixed Polymer 
(60% isobutyl, 40% 
decalylvinyl) 

Methanol 


... 

- 

- 



Ethanol . . 

+ 

4 

— 

— 

Butanol ... 

+ 

4 

+ 

— 

Acetone 

+ 

4 



Ether ... 

+ 

4 

4 

+ 

Methyl acetate 

+ 

4 

- 

- 

Ethyl acetate 

4- 

4 

4 

__ 

Butyl acetate 

4 

4 

4 

4 

Benzene 

4 

4 

4 

4 

Toluene 

4 

4 

4 1 

4 

Xylene .... ... 

4 

1 4 

4 

4 

Gasoline 


1 4 

4 

4 

Methylene chloride . . 

4 

4 

1 

4 

4 

Chloroform 

4 

4 

4 

4 

Carbon tetrachloride. ... 

4 

4 

4 

4 

Trichloroethylene 

4 

4 

4 

4 

Water 

4 

— 

_ 

— 

Transformer oil 

- 

4 

4 

4 

Spindle oil 

- 

+ 

4 ' 

4 

“Vaseline'’ j 

— 

4 1 

4 i 

4 


Table 11-3. Specific Gravity of Polyvinyl Ethers 


Ether 


Sp. Gr. 


Polyvinylmethyl (A; 40) 

Polyvinylethyl (A: 50) 

Polyvinylisobutyl (it 60) 

Poly vinylisobutyl (high k) 

Polyvinyl-beta-decalyl 

Mixed polymer (40% isobutyl, 60% beta-decalyl vinyl) . . . . 


1.045-1.05 
0.95 -0.97 
0.90 -0.92 
1.037 
1.067 
0.95 


They are soluble in gasoline, benzene, chlorinated hydrocarbons, esters and 
ethers and can be blended in any proportion with rubber, Buna, gutta 
percha and balata. They are practically odorless, colorless and non-toxic. 
They resist the action of dilute acids and of dilute and concentrated alkalies ; 
their aging properties are superior to those of natural rubber and they are 
more stable toward ozone. 
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Recent investigations in the United States, however, have shown that 
(he higli polymers of (he lower alkyl vinyl eUiers are not completely stable 
to heat, light or aging, even at I’oom temperatunr^l I'he incorporation 
of 0.5 to 1.0 per cent of a s(.abilizer of the antioxidant type was found effec- 
tive in preventing such changes*^. 

Applications of Pol)nrinyl Ethers 

llie main fields of application of polyvinyl etluuvs are : 

(1) Lactquer raw materials and plasticizers 

(2) Adhesives 

(3) Artifical resins 

(4) Leather 

(5) Textiles 

(0) Oil additives 

(7) Miscellaneous uses 

Lacquers. Blends of polyvinyl methyl (diier ('Tgevin M’O with nitro- 
cellulose are used, particularly for lacquer foils. The polyvinyl methyl 
ether acts as a plasticizer and, despi(e its water solubility, perfectly water- 
proof films are obtained even if th(^ ratio of ether to nitrocellulose is 1:1. 

Solutions of polyvinyl methyl ether (‘Tgevin 40’') in nitrocellulose are 
insoluble in motor fuels and are used in gasoline-resistant packings. 

Polyvinyl methyl (‘Tgevin M40”) and polyvinyl ethyl (‘Tgevin A25 and 
A50”) are plasticizers for lacquers. A mixed polymerizate (‘Tgcvin 
AD28”) consisting of 80 per cent beta-decalyl vinyl ether and 20 per cent 
ethyl vinyl ether is self -hardening in lacquers. 

The polyvinyl ethers derived from the vinyl ethers of the acetalized 
alcohols from sugars, such as diacetone-glucose, diacetone-fructose, or 
diacetals with aldehydes such as formaldehyde, butyraldehyde, etc., are 
promising new lacquer resins. They have remarkably high softening points 
(160 to 170°C), are miscible with most lacquer raw materials and with 
cellulose acetate, and are fast to light. The copolymerization of 25 per 
cent vinyl isobutyl ether with 75 per cent vinyl chloride gives a polyvinyl 
chloride (m.p. 400°C) mixed polymer whose solubility has been improved 
to the point where it can be used in the preparation of corrosion-resistant 
paints for interior and exterior use. The polyvinyl ethers derived from 
camphenyl carbinol and dipentenylcarbinol are clear, colorless, lacquer 
resins which have turpentine-like odors. 

Adhesives. Solutions of the polyvinyl ethers in organic solvents are 
primarily used as adhesives ; for example, polyvinyl isobutyl ethers (“Igevin 
160”) dissolved in organic solvents with or without fillers are the ‘‘Cosal 
U” brand adhesives. These, together with other soft vinyl ether resins 

Ind, Eng. Chem., 39 , 180 ( 1947 ). 

** U. 8. Pat, 
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siicli as polyvinyl iiK^thyl and polyvinyl ethyl ether in organic solvents, 
ar(i used in impregnating and coating (^('lliilose ethei's or esters in the manu- 
facture of artificial leather. Polyvinyl ethyl, isobutyl, beta-decalyl and 
mixed beta-decalyl isobutyl ethers blend readily with mineral oils, paraffin 
and bitumen, yielding mixtures useful for impregnating paper. 

The soft resins, e.g., polyvinyl methyl and polyvinyl ethyl ethers, may 
])e used to improve the adhesiveness to metal of other film-forming agents 
such as Celluloid. Similar blends with higher polyvinyl ether contents 
are useful in the shoe industry. 

Polyvinyl isobutyl ether (‘Tgevin 100”) mixed with ‘‘Oppanol C” and 
artificial or natural resins gives adhesives wdiich are useful in the shoe 
industry, and in insulating and adhesive tapes. Mixtures of polyvinyl 
ethyl (‘Tgevin A50 and A25”) and of polyvinyl isobutyl (“Tgevin 100 and 
130’^) ethers with resins have been used in making flypaper. Polyvinyl 
isobutyl ether (‘‘Igcwin KiO”) was used in adhesive plasters and in devices 
to protect trees against catcn-pillars. 

Pligh mol(H‘ular-wx^ight polyvinyl isobutyl ether (“Oppanol C”) does not 
show cold flow and may be used as an adhesive between —2[y and +70°C, 
or if mixed with inorganics fillers betw'een 0 and +70°C. Mixed with other 
polyvinyl ethers and artificial resins, adhesives useful in the shoe industry 
and in the fabrication of auto bodies are produced. 

The W'ator-insoluble polyvin^d ethcu's may be dissolved in hydrocarbons 
and dispersed in w^at-er to give emulsions having exceptionally good ad- 
hesive properties; these have been used with success for interior or exterior 
w\all paints, particularly if blended w ith various pigments. Casein, sodium 
polyacrylate or a pai’tially saponified acrylonitrile-methyl acrylate co- 
polymer have been used as emulsifying agents in such paints. 

In addition to the al)ove-described dispersions of polyvinyl ethers, 
emulsions resulting from the emulsion polymerization of vinyl ethers with 
other vinyl monomers are of importance in the artificial fiber industry and 
in resins and paints; it is claimed that the vinyl ether molecules in the 
polymer chain act as non-volatile internal plasticizers as contrasted to 
mechanically admixed plasticizers such as tricresyl phosphate and phthal- 
ates. Polyvinyl alcohols, sodium polyacrylate, octadecyl alcohol-ethylene 
oxide products or ^^Amphosoap” were used as emulsifying agents. 

The so-called ^^Acronal” dispersions had the following compositions : 


Name 

% Solids 

% Vinyl 
Isobutyl 
Ether 

% Methyl 
Acrylate 

% Ethyl 
Acrylate 

% Acrylic 
Acid 

% Acrylo- 
nitrile 

1 

% Styrene 

^ ‘Acronal 400D'^ 

40 

22 

66 i 



— 

— 

12 

^^Acronal 450D” 

40 

20 

— 

66 i 

2 

— 

12 

“Acronal 560D’’ 

50 

50 

50 


— 


— 

^ Acronal 600D»’ 

40 

20 


80 


— 

— 

L.R 

30 

50 

20 

— 

— 

30 
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The “Acronar^ dispersions are used where softness, pliability, and high 
elasticity of the film are desired. Consequently, their usage is in adhesives, 
particularly when mixed with water-soluble colloids, for the impregnation 
of fabrics, and for the production of artifical leather and leather substitutes. 

Artificial Resins. Polyvinyl dihydroabietyl ether is an excellent hard 
resin (artificial resin especially useful when mixed with nitro- 

cellulose, drying oils and alkyd resins. 

Polyvinyl-beta-decalyl ether (‘Tgevin Z'') is an excellent substitute for 
natural hard resins. 

Leather. The mixed polymer of 60 per cent isobutyl and 40 per cent 
beta-decalyl vinyl ethers (^Tgcvin IZ’’) was used as a dressing for leather 
belts. Polyvinyl isobutyl ether or the mixed isobutyl-beta-decalyl poly- 
mers were useful leather auxiliaries and could replace train oil, degras and 
castor oil. 

The polyvinyl ethers of the higher alcohols were called ‘^Densodrins”; 
some representative members of this series are : 

* *Densodrin NH*^ polyvinyl beta-decalyl ether 

“Densodrin polyvinyl cetyl ether (Cie alcohols) or polyvinyl wax alcohol 
ether (Cis and a little Cie alcohols) 

‘‘Densodrin mixed polymer from 3 parts wax alcohol vinyl other and 1 part 
cocoalcohol vinyl ether (Cj 2 -i 6 alcohols) 

‘‘Densodrin NW’^ polyvinyl isobutylether (*‘K2(>-30^’) 

**Densodrin 2 parts “Densodrin plus 1 part rosin 

The H brands serve for the waterproofing of shoe soles, while the V and W brands 
are used for the impregnation of shoe upper leather. The NW brand is a substitute 
for train oil or degras. 

Polyvinyl octadecylether (‘T.G. Wax is a colorless, unsaponifiable 
wax melting at 45 to 50°C which can be used in the formulation of shoe 
polishes, wax polishes, and as a dental wax. 

The ‘^Acronar* emulsions resulting from the copolymerization of vinyl 
isobutyl ether and acrylic derivatives are used instead of nitrocellulose or 
linseed oil for the production of leather substitutes. Fabrics such as wool, 
cotton, mixed fibers or even paper are coated and “leatherized” with a 
pliable film-forming agent by a printing procedure, or fibrous material 
such as tanned leather waste, or cellulose or textile wastes may be milled 
with the ‘‘Acronal” binder, shaped, pressed and dried to give fiber leather. 
‘^Acronal 400D and 550D^’ are suitable for the preparation of fiber leather. 

Textile Aids. Polyvinyl methyl ether (“Appretan WL”), combined 
with other colloids which are water-soluble, is used in the textile industry 
as a finishing agent where it gives body to fabrics of artificial silk, staple 
fibers, cotton/rayon, wool, and wool blends. It increases the strength 
of lining fabrics, improves durability, and increases the absorbent properties 
of wool. Polyvinyl methyl ether also finds use as a thickener and sensitizer 
for emulsions of artificial resins, rubber latex and adhesives. 
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Oil Additives. Polyvinyl oleylether and its mixed polymerizates with 
isobutyl vinyl ether are excellent pour-point depressants for mineral oils 
(Pour-point depressant ‘TVO”)- Polyvinyl isobutyl C‘Igevin 160^0 and 
the mixed vinyl isobutyl-beta-decalylvinyl ether served as thickening agents 
for cable oils. 

Miscellaneous Uses. Synthetic drying oils have been prepared from 
the condensation of vinyl ethers with crotonaldehyde^^; isohexyl and iso- 
heptyl vinyl ethers were condensed in emulsion with crotonaldehyde or 
othca' unsaturated aldehydes and ketones by an alkaline catalyst at low 
temperatures. The synthetic oils blend readily with alkyd resins and dry 
quickly in the presence of siccatives. 

The copolymer of vinyl ethyl or vinyl methyl ether (60 per cent), vinyl 
isobutyl ether (30 per cent) and butanediol di vinyl ether (10 per cent) was 
reputedly better than linseed oil in the manufacture of linoleum. It was 
not, however, resistant to hydrocarbon solvents. 

Polymers of 2-ethylhexyl, nonyl, or fatty alcohol (from reduction of 
oxidized CB-C 9 paraffins) vinyl ethers were of interest as plasticizers in the 
rubber industry. 

Vinyl ethers of the hydroxyethylated phenols and cresols were inter- 
polymerized with butadiene to give interesting soft, rubber-like materials. 
Polymerized cresylhydroxyethyl vinyl ether is a soft plastic resin useful as 
a binder for paints, or for blending with vinyl chloride. The polyvinyl 
ether from beta-napthoxy ethyl vinyl ether is a rosin-like, hard resin, 
soluble in chlorinated hydrocarbons. 

The polymeric vinyl ethers derived from the hydroxyethylated amines 
(alkanolamines) are interesting and unique in that they are soluble in 
acid. Interpolymers, particularly of dimethylaminoethyl vinyl ether, 
with other vinyl compounds are of interest in the textile field. 

The vinyl ethers of hydroxyethylaniline and its homologs can be coupled 
in pyridine with suitable diazo compounds to give azo dyes having free 
vinyl groups. 

Ethyl, isobutyl and n-butyl vinyl ethers and butanediol divinyl ether, 
alone or in mixture, were tested as rocket fuels^®. Ethyl vinyl and butane- 
diol divinyl ethers apparently gave the best results. 

Among the vinyl ethers of heterocyclic alcohols, the most interesting 
are those heterocyclic compounds containing oxygen in the ring. In 
general their polymers are easily soluble in all organic solvents and blend 
readily with many elastomers and plasticizers. The polymeric 3-hydroxy 
tetrahydrofurfuryl vinyl ether is noteworthy because it is water-soluble 
and is compatible with all plasticizers and film-forming agents including 
the cellulose derivatives. 

« Z). R. Pat, 699, 

Technical Oil Mission Microfilms, Reel 112. 
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Koresin 

Acetylene reacts with phenols and naphthols in the presence of alkaline 
catalysts to yield vinyl ethers^^. However, in the presence of zinc or cad- 
mium salts as catalysts, the vinyl group does not remain on the phenolic 
oxygen but enters the ring, forming resinous materials. The reaction may 
possibly involve the rearrangement of the initially formed vinyl ether to 
a hydroxy styrene, which then polymerizes to a resinous product^^. The 
softening point and solubility of the resulting resins can be varied by the 
choice of phenol and the amount of acetylene introduced. The most 
soluble resins arc obtained from the alkyl phenols, such as isobutyl and 
octyl phenol, in which the molecular ratio of phenol to actylene can be as 
high as 1:2. Although insoluble in alcohol and alkali, they are very soluble^ 
in aliphatic hydrocarbons and drying oils; in combination with the latter, 
they are suitable raw materials for varnishes. The resins from alkyl 
phenols and acetylene have a remarkable compatibility with natural 
rubber and with Buna, where a coating with a solution of the resin imparts 
the tack necessary for the fabric^ation of tires. The resin made from /- 
butyl phenol and acetylene was called “Koresin’’* in (lermany. 

“Koresin” may be prepared by heating a mixture of p-^-butylphenol 
with about 10 per cent by weight of zinc naphthenate to IGO'^C and intro- 
ducing a mixture of 2 parts of nitrogen and I part of acetylene to 200 psi 
total pressure. The reactants are maintained under these conditions until 
a resinous material having the requisite predetermined physical constants 
is obtained. The degree of polymerization is not large, probably of the 
order of 7, and the product contains some unreacted p-^er/.-butyl phenol. 

Reppe believed the reaction first led to the substituted phenyl vinyl ether 
which, under the conditions of the reaction, rearranged to give a hydroxy 
styrene which then polymerized: 


OH 

oc 

H=CHo 


OH 
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However, other investigators have noted that very similar products 
can be prepared from vinyl ethers and p4eri,-h\xiy\ phenol, or from acet- 

D, R. Pat. 

D. R. Pat. 64^,686; 646,112. 

* More recently this product was offered as a rubber tackifier under the same name 
in this country by General Aniline and Film Corp. 
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uldehycle and the phenol ; furthc'rmorc', infrared absoiption shows th(‘ pres- 
ence of methyl g:roups as well as hydroxy groups Hence an alternative 
ethylidene structure has been proposed : 

r OC^H==CH2n 



CH, 



Ofl 


on., 


ClI 


Clh—C—CH, 

I 

CH. 


OCTr=CHi2 
cih 

I 

-c— 

H 


CH. 

I 

CH. 


Vinyl Thioetheks 

Aliphatic, aromatic, hydroaromatic and heterocyclic mercaptans undergo 
vinylation under the same general conditions as do alcohols and phenols; 
vinyl thioethers are formed in practically quantitative yield^”. 

KSH -f KOH R8K -h H.O 
>• 

HC^CH 

RSCH==CHK 

RSH 

RSK -b RSCH=CH2 

The vinylation of hydrogen sulfide to yield either vinyl mercaptan or 
di vinyl sulfide has not been realized. When the reaction is carried out at 
120*^0 in glycol as a solvent and using potassium hydrosulfide as a catalyst, 
the vinyl mercaptan apparently reacts further by two routes: (1) poly- 
merization, possibly through ethylene sulfide as an intermediate, to resins 
of the '‘Thiokor’ type, or to trithioacetaldehyde ; (2) by reduction with 

« Ind. Eng. Chem., 40, 1171 (1948). 

D. R. PaL 617 MS; PB 17668, frames 1955-7. 
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excess hydrogen sulfide to ethyl mercaptan and sulfur, followed by vinyla- 
tion of the mercaptan to vinyl ethyl sulfide and subsequent reaction of the 
vinyl sulfide with mercaptan to yield ethylene bis-ethyl sulfide*^ : 


HC^CH + HjS -> HsC==CHSH 

i 

CHj— CH, 

\ / 

s 

i 

(Cn 3 CHS )3 "Thiokor resins 


CH3CH2SII + S 
Hc«cn 

C2H6SCH==CH2 

CjHsSH 

C2H5SCH2CH2SC2H6 


This reaction may be used as a simple method for the preparation of ethyl 
mercaptan on a small scale. 


Reactions of Vinyl Thioethers 

The vinyl thioethers are in general much more sluggish in their chemical 
behavior than the corresponding vinyl ethers; hydrogenation, hydrolysis 
and polymerization are considerably more difficult. No data are available 
on the polymerization except the statement that best results are obtained 
with acid catalysts in liquid sulfur dioxide solution®^ 

(1) Addition of Hydrogen, 

RSCH=CH2 — RSCHsCH, 

Reported to go quantitatively but no data available on reaction con- 
ditions. 

(2) Addition of Hydrogen Sulfide and Mercaptans^^, 

RSCH=-CH2 4- H 2 S RSCH2CH2SCH2CH2SR 
RSCH--CH2 + R'SH -4 RSCH2CH2SR' 

This reaction is of general scope and is apparently catalyzed by either 
inorganic, or organic bases, or acids. 

(3) Addition of Alkali Bimlfiies, Alkali bisulfites add readily in good 
yields to the aliphatic vinyl sulfides, but less readily and in poorer yields 
to the aromatic vinyl sulfides : 

RSCH«=CH2 + NaHSOs -4 RSCHgCHiSOaNa 

The resulting products are readily oxidized to the sulfoxide with sodium 
hypochlorite, and to the sulfone with hydrogen peroxide. 

(4) Oxidation, The vinyl sulfides may be oxidized to the corresponding 
vinyl sulfoxide or vinyl sulfone without any appreciable attack on the 

« D, R, Pat. eufido. 

w PB 76315. 

** D. R, Pat. Anmeldung JSO, 286, 
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vinyl group®^. With the theoretical amount of hydrogen peroxide or with 
sodium hypochlorite, at mild temperatures, vinyl sulfoxides result. At 
higher temperatures (80 to 100°C) with excess hydrogen peroxide, the vinyl 
sulfones are obtained in good yields : 

rsch=ch2 RSOch=ch2 rso2Ch=cHj 

The oxidation of the sulfur atom to either the sulfoxide or sulfone level 
results in an extraordinary increase in the reactivity of the vinyl group. 
The vinyl sulfoxides and sulfones add hydrogen sulfide^, mercaptans^®, 
sulfinic acids^, alkali bisulfites^^, ammonia and amines^*. In general, the 
vinyl sulfoxides are less reactive than the vinyl sulfones, but the above- 
mentioned additions often take place spontaneously with either type 
without the use of catalysts. 

(5) Miscellaneous Reactions of Vinyl Thioethers. Ammonia and amines 
could not be added to vinyl sulfides. Organic hydroxy acids such as 
salicyclic, beta-hydroxynaphthoic, etc., likewise could not be added. 
Halogens, phosgene, thionyl chloride, sulfuryl chloride, and hypochlorous 
acid gave no definite reaction products. In most cases, the vinyl group 
was split off and the liberated mercaptan added to the vinyl sulfide to 
yield the corresponding ethylene bis-sulfide; however, benzoyl chloride 
with vinyl p-tolyl sulfide gave mainly the p-tolyl thioester of benzoic acid. 
Attempts to effect cyclization of vinyl p-tolyl sulfide with oleum, aluminum 
chloride, alkali fusion, or dehydrogenation catalysts were unsuccessful. 

Work on the evaluation of the vinyl thioethers was apparently not com- 
pleted, so final judgment as to the potential applications and utility of this 
class of vinyl compounds cannot yet be passed. 

Vinyl Esters 

Although vinyl acetate has been produced technically for many years, 
the preparation of the vinyl esters of the higher fatty acids such as butyric, 
etc., by the known methods gave only very poor yields and failed completely 
with acids containing more than four carbon atoms. However, as a result 
of the work on the pressure vinylation of alcohols, etc., it was found pos- 
sible to prepare the vinyl esters of the higher fatty acids up to montanic. 

The vinylation of acids may be carried out in liquid phase in an autoclave 
or in a tower using the same general procedure as used for vinyl ethers. 
Zinc or cadmium salts of organic acids (acetate, benzoate, naphthenate, 
etc.) are generally the preferred catalysts, although the potassium salt of 

^ D. R. Pat. Anmeldung J-49, 7S6. 

“ D. R. Pat. Anmeldung 1-60 ^ 314 (IVc/12o). 

D. R. Pat. Anmeldung 1-51, $51 (IVc/12o). 

D. R. Pat. Anmeldung 1-51, $49 (IVc/12o) and P51, $5$ (IVc/12o). 

** Z). R. Pal, Anmeldung J -49, 9$8. 
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the higher fatty acids may be used ; for example, potassium stearate may 
be used in the vinylation of stearic acid. Undoubtedly, solubility of the 
salt in the acid to be vinylated is of major importance. As the reaction 
temperature is about 160 to ISO^C', the vinylation of acids boiling above 
180°C can be accomplished without pressure in a tower. Generally, how- 
ever, the vinylation is carried out with aei^tylene under about 200 psi 
pressure. Yields of 90 per cent are claimed. 

The reaction was represented as involving the following steps : 

2UCOOH 4- ZnO (RCOO) 2 Zii + H 2 O 

2IIC^CII 

R(:()OCII=CH 

\ 

Zii 

/ 

KCOOC'H=CJl 

2RC001I 

2IlCOOCn=CH2 + (HCOO)2Zn 

The vinylation is truly catalytic, and 1 to 3 per cent of metal salt on th(' 
weight, of carboxylic acid vinylated is sufficient. 

The vinyl esters of the higher fatty acids may be polymerized alone, or 
iriterpolymerized with other polymerizable materials, by the same general 
techniques useful for vinyl acetate. The applications of the polymers 
and interpolymers have apparently not been fully developed as yet. The 
polyvinyl esters of the high molecular weight unsaturated acids are reported 
to have interesting drying characteristics. Noteworthy is the tall oil vinyl 
ester, which was very interesting in Germany as a possible solution to the 
critical shortage of drying oils®^ Tall oil, consisting of a mixture of about 
65 per cent linoleic and linolenic acids and 35 per cent of resin acids, prin- 
cipally abietic acid, is a by-product from the preparation of cellulose by 
the sulfate process. The tall oil vinyl ester can replace linseed oil in color 
printing and has given good revsults as a size. 

Vinyl Amines 

According to the prior literature, ammonia and acetylene react in the 
presence of various catalysts, usually at relatively high temperatures, to 
give heterocyclic nitrogen compounds containing certain pyridine bases®^ 
Under different conditions acetonitrile is the main reaction product®^ 

Swed. Pat, 98,482; Ital. Pat. 376,011. 

«« D. R. Pat. 685,666; 616,765; 604,238. 

« D. R. Pat. 477 , 049 . 
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The experience obtained in the vinylation of alcohols, phenols and mer- 
captans was applied to the vinylation of ammonia and amines. 

Attempts to vinylate ammonia to yield vinyl amine or ethylene irnine 
were unsuccessful, despite the numerous experimental conditions studied ; 

HC^CH + NHa H2C=(UiNHo or JhC Clh 

\ / 

K 

\ 

H 

However, in the presence of special catalysts, such as complex cobalt 
and nickel salts (e.g.j hexaminocobaltochloride), ac(^tylene and ammonia 
condensed in liquid phase at approximately 100°C and 225 lb pressure 
to yield 2-methyl-r)-ethylpyridine. Small percentages of high molecular- 
weight basic resins are formed as by-products. 

According to Reppe, vinyl amine is the intermediate in this reaction. 
By condensation, splitting off ammonia, 2-methyl-5-ethylpyridine results : 

IIsC2 


4HC=CH -h 4 NH 3 > 4CH2=CH— NH., > 



(Compare the reaction of vinyl ether with ammonia, page 44.) 

Vinylation of primary and secondary aliphatic amines using alkaline 
catalysts does not proceed smoothly or uniformly. Acetylene is absorbed 
readily, but no uniform products are obtained.* The vinyl amines, if 
actually formed, are apparently very unstable and either decompose or 
polymerize very readily. Actually the vinyl amines were successfully 
prepared from diethylamine and dicyclohcxylamine in the presence of zinc 
and cadmium salts. However, they were very unstable, and although 
they could be distilled at low pressures, attempts t^o distill them at atmos- 
pheric pressure resulted in decomposition to acetylene and the amine. 

The aromatic amines, such as aniline, ethylaniline, toluidine, etc., also 
react with acetylene under pressure in the presence of alkaline catalysts 
with the production of resins. 

However, the vinylation of certain aromatic secondary amines of low 
basicity, such as diphenylamine, or phenyl alpha- and phenyl beta-naph- 
thylamine, leads to the corresponding N-vinyl compounds which, though 
easily polymerized by oxygen in the air, can be isolated®^ Vinyl amines 


* However, as will be shown in Chapter III, definite homogeneous products 
(aminobutynes, etc.) result from the reaction of acetylene and amines in the presence 
of heavy -metal acetylide catalysts. 

« D. R, Pat. 6S6,m. 
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of greater stability result from the vinylation of cyclic imino compounds 
containing the pyrrole nucleus, as in pyrrole itself, indole, or carbazole®^ 
or from certain other heterocyclics such as the imidazoles®^ 

The vinylation of amines of the type just described is conveniently done 
by batch procedures with acetylene under pressure using alkalies, zinc or 
cadmium oxides, or their salts with organic acids, or mixtures thereof as 
catalysts. The reaction temperature is between 150 and 200°C. The 
vinylation is preferably carried out in solution or in suspension, particu- 
larly with high-melting amines. The reaction takes place readily and 
smoothly; in fact, the vinylation of carbazole is usually cited as the stand- 
ard of vinylation. 

Vinyl Carbazole®® 



H cii=cn2 


A 40 to 50 per cent by weight suspension of carbazole in hexahydrotoluene 
or hexahydroxylene was vinylated in a stirred autoclave at 180°C under 15 
atm pressure (10 acetylene, 5 nitrogen), using 3 per cent by weight of a 
mixed catalyst consisting of 3 parts of potassium hydroxide and 1 part of 
zinc oxide Vinylation is quite rapid, requiring only 4 to 5 hours, the N- 
vinyl carbazole dissolving in the solvent. When no more acetylene is 
absorbed, the solution is filtered, washed with alkali and distilled. The 
vinyl carbazole distills at about 180°C/15 mm. Polymerization during 
distillation can be retarded by adding 0.5 per cent of phenyl beta-naphthyl- 
amine, or 1 to 3 per cent of potassium hydroxide. The vinyl carbazole 
was further purified by recrystallization from methanol, the pure product 
melting at 67 °C. The yield of crude product is above 85 per cent, but 
losses during purification low^er this figure to about 75 per cent. 

Monomeric vinyl carbazole is somewhat toxic and must be handled with 
care. It is irritating to the skin and may cause swelling at any part of the 
body as well as discoloration of the skin. Traces of the fine powder in the 
air are sufficient in some cases to cause irritation. It is worthy of note 
that the sensitivity varies with the individual; peculiarly, red-haired 
persons are not sensitive to the skin irritation. 

The vinyl amines exhibit some typical properties of vinyl compounds. 
They absorb hydrogen readily, giving N-ethyl amines in high yields. In 

«« D. R. Pat, 618,120; 642,939; 651,734^ 

^ D, R. Pat, 708,262. 

^ PB 52879 {BIOS 746). 
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the presence of acids they undergo hydrolysis to acetaldehyde and the 
amine ; in this respect they resemble the vinyl ethers, although their hy- 
drolysis is not quite as facile. However, hydrolysis can be used as an 
analytical method. 

Hydrogen sulfide and mercaptans may be added to the double bond®®; 

A-A 

+ II 2 S — 




cH=cn2 


V/'-N/V/ 




CHs— CHo— SCHAH 2 


RSH 


I 

CH2CH2SR 


As mentioned previously, the vinyl amines, with the exception of vinyl 
carbazole, are sensitive to oxygen. They polymerize on heating, either 
alone or in the presence of acids or oxidizing agents, as contrasted to the 
vinyl ethers, which polymerize only with acid catalysts®^. 


Pol3n7inyl Carbazole®® 

Apparently polyvinyl carbazole is the only N-vinyl amine to have at- 
tained any commercial importance. Although vinyl carbazole may be 
polymerized in bulk, in solution, or in emulsion, as well as copolymerized 
by more or less standard procedures, Reppe claims that it was necessary 
for him to develop a fundamentally new process of polymerization — the 
polymerization of suspensions with alkaline oxidants — before polyvinyl 
carbazole could be used technically. Like many other discoveries, this 
new process resulted accidently while he was trying to oxidize vinyl car- 
bazole to the N-carboxylic acid, according to the Bozel-Moletra procedure 
for the oxidation of toluene to benzoic acid. No oxidation whatever re- 
sulted, but the vinyl carbazole polymerized quantitatively. During the 
course of further investigation the following process was worked out for 
the polymerization : 


Vinyl carbazole (20% moisture) 750 kg (dry basis) 

Sodium chloride 112 kg 

Sodium hydroxide (50% solution) 75 kg 

Sodium diohromate 13.5 kg 

Water 1500 kg 

Sodium butylnaphthalene sulfonate 5-6 kg 


«« D. R. Pat, 

« D. R, Pat. 664, m. 
PB 33272. 
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The aiM3ve suspension was stirred (50 to 00 rpm) and heated to 80°C. 
Over about 30 hoiuvs or longer the temperature was raised to 180°C. The 
main reaction probably takes place at 135 to 140°C after about 10 hours. 
The alkali prevents any hydrolysis, while the naphthalene sulfonate pre- 
vents agglomeration of the polymer particles. 

Tpon cooling, the polymeric polyvin3d carbazole which separated as 
small lumps, 1 to 20 mm in size, was filtered off, milled to 0.5 to 1.0 mm and 
washed with water to remove the mother liquor. If unreacted monomer 
was present in large proportions, it was removed by multiple extraction 
with hot methanol. The yield of polymer was 70 to 75 per cent, based on 
the carbazole originally vinylated. 

Properties and Uses of Polyvinyl Carbazole. Polyvinyl carbazole with 
a k value of about 40 to 75 was sold in Germany under the trade mark 
“Luvican^'. More recently a similar product known as “Polectron” has 
been manufactured in this country by Genei'al Aniline and Film (V)rpora- 
tion. 

Polyvinyl carbazole is soluble in aromatic hydrocarbons, chlorinated 
aromatics, methylene chloride, and tetrahydrofuran. It has several un- 
usual properties. It is outstanding in its high softening point, its ability 
to resist heat, and in its eiectri(;al properties. The softening point varies 
Avith the chain length. High-viscosity polyvinyl carbazole prepared by 
polymerization at — in trichloroethylene with a boron fiuoride-di-n- 
butyl etherate catalyst has a Martens point of 210. Softening points of 
150 Martens are reported for other samples, as compared to Martens 75 
for polystyrene. Like styrene, polyvinyl carbazole has a minute dielectric 
loss angle which is practically independent of frequency and temperature. 
It is an excellent high-frequency insulator because of its high electrical 
resistance and low power factor and has been used for this purpose. ‘To- 
lectron’^ Avas used in the United States in making condensers for proximity 
fuses. 

Although its electrical properties are as good as those of styrene and its 
softening point much higher, its impact strength and other mechanical 
properties are inferior. It can be injection-molded at about 200 to 230°C, 
which is of course possible only because of its extreme stability to heat. 
Injection-molded polyvinyl carbazole has a pronounced fibrous structure, 
the fibers running parallel to the direction of injection or flow. At right 
angles to this direction, the mechanical strength is generally impaired. 
Fibrous oriented polyvinyl carbazole exhibits an x-ray fiber pattern. 

Compression molding may be carried out on material preoriented in an 
extruding press at 230 ‘^C. The resulting fibers are arranged in completely 
random fashion before compression molding, which is carried out at 200 to 
230°C so that there is no coalescing of the heterogeneously arranged fibers. 
The compression-molded parts are uniform in strength in all directions and 
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show substantially better impact strength than injection moldings. Reppe 
claims that large parts, weighing several kilos, have been produced by this 
technique. 

It is possible to cast thin foils from a solution of the polymer in tetrahy- 
(Irofuran. Such foils may be used as substitutes for mica in condensers. 

Polyvinyl carbazole is usually silver-brown in color and it is difficult to 
obtain attractive shades. It has good resistan(*e to chemical agents, and 
is stable toward boiling water, dilute and concentrated alkalies and dilute 
acids, including hydrogen fluoride. Nitric acid and sulfuric acid, however, 
destroy it. 

Several types of polyvinyl carbazole were manufactured in Germany. 
“Luvican M-150” was pure polyvinyl carbazole, Avhile ''Luvican M-125’’ 
was a mixed polymer with styrene, which had a lower softening point and 
was more easily molded than M-150. “Luvican M-lOO” Avas a similar 
product of even lower molecular weight and softening point. 

Vinylation of Tertiary Bases 

J.)uring the course of certain experiments in Avhich organic tertiary 
amines were used as catalysts in aqueous solutions, it was unexpectedly 
found that these tertiary bases could be vinylated with acetylene to give 
(luaternary vinyl ammonium hydroxides, which w^ere detected and identi- 
fied as their picrates®^ Salts of the tertiary bases with any inorganic or 
organic acid also reacted readily with acetylene or its derivatives containing 
a terminal triple bond. Presumably the reaction involves the following 
steps : 

R.N + H20-^[R3NH]+0H- [R,N— CH=CHRl+OH- 

RaN + HA > 1R,NH]^A- [RaN— CII=CnR]+A- 

The conditions of reaction are generally surprisingly mild. The reaction 
is usually carried out in aqueous solution, or if the solubility of the tertiary 
amine is limited, in suspension, or with added auxiliary solvents such as 
alcohols. With acetylene itself, the process is usually carried out under 
pressure between 30 and 180°C, preferably between 60 and 70'^C. More 
reactive acetylene derivatives may be used without pressure. 

Usually the reaction goes smoothly without the use of added catalysts, 
the tertiary amine itself normally acting as the catalyst. In the case of 
amine salts, a small amount of the free amine is sufficient to start the re- 
action. Catalysts useful in normal vinylations may be used in addition, 
if necessary. Not more than the stoichiometric amount of acetylene should 
be added in order to avoid resin formation. Yields may be as high as 80 
to 90 per cent. 

D, R. Pat. Anmeldung 1-37, 024 (IVe/12o). 
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The vinylation of tertiary amines is apparently of very general applica- 
bility. The substituent groups on the nitrogen can apparently be similar 
or different, and of the most varied nature. Heterocyclic tertiary amines 
such as pyridine, quinoline and isoquinoline also react. Furthermore, 
the reaction is apparently general for almost all acetylenic derivaties; 
acetylene, alkyl acetylenes, phenyl acetylene, diacetylene, propargyl 
alcohol, aminopropynes and aminobutynes all undergo vinylation. 


Vinylation of Aliphatic and Cyclic Amides 

In the previous section on the vinylation of amines, it was shown that 
the less basic nitrogen compounds in the amine series vinylate quite 
readily. It was a natural assumption then that certain amides having a 
hydrogen atom on the nitrogen atom should also undergo vinylation. In- 
vestigation showed that this was indeed the case, carboxylic acid amides 
in the presence of their potassium salts as catalysts readily undergoing 
vinylation under the usual reaction conditions^®. 

0 O 

KOH ^ 

CH3C— NHCH3 -h HC=CH CH3C— NCH=CH2 

I 

CH3 


Reppe considered that this reaction might well occur through the vinyla- 
tion of the intermediate tautomeric compound according to the following 
formulation : 


0 

CH3C— NHCH3 


on 

/ 

CH3C=N— CHs 


OK 


KOH ^ 


/ 

CH3C=N— CH3 


HC»^CH 


0 

CH 3 C— N— CH=CH 2 


0CH=CH2 

/ 

CH3C=N— CH3 


OCH==CHK 

/ 

CH3C=NCH3 


CH3 

Of greatest interest in this field are the cyclic amides such as alpha- 
pyrrolidone, alpha-piperidone, etc. This class of amide can generally 
be vinylated by first forming the potassium salt by mixing the cyclic amide 
with about 2 per cent by weight of powdered potassium hydroxide and 
distilling off about one-third of the amide, which carried with it the water 
produced in the salt formation. Vinylation is then carried out at about 
15 atm pressure with a 2/1 mixture of acetylene and nitrogen at 140 to 
160°C until no more acetylene is absorbed. The vinyl amide is then iso- 

7 ® D. R. Pat. Anmeldung P6Sfl7S (IVd/12o). 
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lated by fractional distillation, usually at reduced pressure. The yields are 
good and may reach 90 per cent. In place of acetylene, substituted 
acetylenes or diacetylene may be used. 

The vinyl lactams exhibit a few typical reactions of the double bond, such 
as hydrogenation, etc. However, the only reaction of any real interest is 
their polymerization, which has produced a new class of polymeric mate- 
rials which are soluble in water and organic solvents and possess other un- 
usual properties. The polymerization of N -vinyl pyrrolidone and the 
properties and uses of its polymers will be discussed in detail. 

Polyvinyl Pyrrolidone (“Periston’^ or “KoUidon’’)^^ 

For commercial production, polymerization of the pure monomer in 
block and in solution has been developed first; these processes give ^Teris- 
ton'^ and '‘Kollidons’’ with k values* of 20 to 100. The copolymerization 
is being further investigated. 

Block Polymerization. Vinyl pyrrolidone (VP) CHir-CH 2 is easily 

CH2 i==o 

\ 

N 

I 

CH=CH2 

block-polymerized in a simple manner with hydrogen peroxide^^ Thirty- 
five kg of vinyl pyrrolidone are added to 150 cm® of hydrogen peroxide 
(30 per cent) and heated to 110®C. The polymerization is exothermic and 
the temperature rises to 180 to 190®C. The molten polymer is poured 
from the kettle, cooled on plates and milled in a bail mill to a fine, white, 
somewhat hygroscopic powder. 

This process gives a more or less strongly discolored product due to the 
high temperature; the product also has an unpleasant odor attributable 
to decomposition products caused by the rapid initiation of polymeriza- 
tion. Furthermore, the polymers contain up to 10 per cent of monomeric 
vinyl pyrrolidone, which is probably responsible for the hygroscopicity of 
the material. 

If the polymerization kettle is used repeatedly without being cleaned, 

This is apparently the same paper which Callomon and Kline translated as 
PB 1340 and published in Modern Plastics, 23, 157 (1945). PB 25652 (BIOS 354) 
contains the same data. 

* Translators^ Note: Fikentscher’s viscosity coefficient, k, is calculated as follows: 

a. ^ 

c 1 -4- 1.5 k.c. 

where c is the concentration in g/100 cm® of solution and riroi is the ratio of the viscos- 
ity of the solution to that of the pure solvent. The k values are reported as 1,000 
times the calculated viscosity coefficient in order to avoid the use of decimals, 

” D, iZ. Pat. Anmeldung OZ~llfi97^ 
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the polymer sticking to the kettle walls becomes insoluble as a consequence 
of overheating, thus strongly impairing the filterability of the aqueous 
solutions. Finally, the k values attainable in block polymerization are 
low. 

In spite of all this, “Periston’’ is still being manufactured by this process 
because its low viscosity is desirable for this application as a blood substi- 
tute. 

In order to remove the toxic monomeric vinyl pyrrolidone, the powdered 
polymer is extracted with ether before being dissolved in water and filtered. 

Addition of 3 per cent of water tempers the initial reaction and yields 
polymers of lighter color and better filterability. 

Solution Pol3nnerization^^ In the long run, block polymerization would 
not be satisfactory for commercial production, and polymerization in aque- 
ous solution was therefore developed. 

It was observed that polyvinylpyrrolidone, like pyrrolidone itself, has 
the tendency to form hydrates. Physical investigations (heat of reaction, 
infrared absorption) indicate that one mole of vinyl pyrrolidone combines 
with one mole of water. Wlien the polymerization is conducted in an 
acpieous solution with hydrogen peroxide catalysts, the reaction mixture 
becomes more acid as the amount of hydrogen peroxide is increased. 
The acidic medium causes splitting off of acetaldehyde, which has an un- 
favorable influence on the polymerization and the polymer. It is therefore 
necessary to add alkaline buffers. 

At this point it was observed that the addition of ammonia, or amin'es, or 
their salts have — apart from their buffering action— a strong activating 
effect on the polymerization. With the help of ammonia, or of amines 
and their salts, it became possible to shorten the latent period and to 
increase the polymerization speed to such an extent that polymerization 
could be carried out at lower temperatures and with smaller amounts of 
catalyst, thus giving polymers of high k values. * 

Definition of Polymerization Velocity. Polymerization velocity (PG) 
is defined as the number of kilograms of polymer formed per hour per cubic 
meter of solution. In the case of emulsion polymerization, the volume of 
solution is taken as that of the aqueous phase and not the volume of the 
whole emulsion. 

The polymerization velocity is determined by plotting the amount of 
polymer formed in kilograms per cubic meter of solution as the ordinate 
against the time of polymerization as the abscissa, and drawing the tangent 
at the point where the straight-line portion ends and the curve bends to- 
ward the abscissa. The tangent of the angle formed by the intersection of 
this straight line with the abscissa gives the PG (see Figure II-2). 

Definition of Induction Period. Induction period (LZ) is defined as 


D, R, Pai, Anmeldung OZ-14j47S, 



the time elapsed in minutes from the origin to the point of intersection of 
the tangent to the curve with the abscissa (see Figure II-2). 

The percentages of the accelerator (hydrogen peroxide) and of the 
activator (ammonia) are based in the case of solution polymerization on th(‘ 
amount of monomer. 

Unless otherwise stated, an initial pH of 8, was used and this was not 
allowed to fall below pH 7. 

Effect of Ammonia and Amines. Table J 1-4 shows the effect of ammonia 
and a few amines in the presence of a small amount of hydrogen peroxide 
on the induction period (LZ), polymerization velocity (PG), and the k 
value. 


/fff POLYMER M^/SOLUWN 



Kj(ii'RS II-2. Determination of induction period and polymerization velocit}' of vinyl 
])vrrolidone from concentration-time curves, 

44ie added amounts of amines are proportional to their molecular weights. 
( 'onsequently, ammonia is more active than the amines in its effect (m both 
induction period (LZ) and polymerization velocity (PG). The type of 
amine addt'd seems to have no essential influence on the k value. That the 
action of ammonia and the amines is a specifics one bt^comes evident from 
the fact that polymerization had not started even after 4 hours when 
equivalent amounts of sodium hydroxide and sodium bicarbonate were 
added. 

Effect of Percentage of Ammonia. The peicentage of ammonia added 
has a great influence on the polymerization velocity (PG), but less on the 
induction period (LZ), as shown in Figure 1 1 -3 and Table 11-5. 

With the small amount of 100 per cent ammonia (0.04 per cent based on 
VP), 0.5 per cent of sodium bicarbonate had to be added later to maintain 
the neutrality. 
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Effect of pH. The pH also has an effect on the induction period and the 
polymerization velocity, but none on the k value, as shown in Table II--6. 

Effect of Temperature. The polymerization velocity (PG) is most 
critically dependent upon the polymerization temperature (see Figure II-4 
and Table II-7). 

The influence of the temperature on the k value is surprisingly small, 
namely, about 2 units per 10°C. 


Table II-4. Dependence of LZ, PG, and k Value on the Type of Amine 
(30% VP in water; 0.5% of 30% hydrogen peroxide; temperature 50°C) 


Material Added 

A<^ed 


pH 

LZ 

(min.) 

PG 

k Value 


Initial 

Final 

None 

— 

7 

Had not 

started e 

ven after 

4 hours 

Ammonia (100%) 

0.1 

9 

8 

5 

250 

52 

Monoethylamine 

0.27 

11 

8 

12 

175 

58 

Triethylamine 

0,6 

11 

7.5 

30 

175 

43 

Tetramethyl ammonium hy- 
droxide 

0.58 

12 

12 

120 

ca 100 

58 

Sodium hydroxide 

0.23 

1 12 

Had not started even after 4 hours 

Sodium bicarbonate 

0.5 

! 7 

Had not started even after 4 hours 


Table II-5. Dependence of Induction Period (LZ), Polymerization Velocity (PG), 
and k Value on the Percentage of Ammonia Added 
(30% VP in water; 0.5% of 30% hydrogen peroxide; temperature 50°C) 


Ammonia (100%) 

% 

LZ 

(min.) 

PG 

k Value 

1 

None 

Does nc 

)t start 

— 

0.04 

180 

200 > 

63 

0.1 

5 

250 

53 

0.4 

0 

500 

56 

1.6 

0 

850 

62 


Effect of Percentage of Hydrogen Peroxide. On the other hand, one 
can fix the k value by the percentage of hydrogen peroxide added, as 
shown in Figure II-5 and Table II-8. 

By further reducing the hydrogen peroxide below 0.25 per cent, the k 
value can be increased to 90 or more. In this case, it is necessary to add 
the small percentage of hydrogen peroxide in portions; otherwise it is con- 
sumed before polymerization is complete (see Table II-9). 

The curve for dependence of the k value on the percentage of hydrogen 
peroxide is so easily reproducible that the figure necessary for a certain 
k value can be taken directly from Figure II-6 or computed from the 
equation: 
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If the hydrogen peroxide is increased to more than 2 percent, the k 
value is even lower than calculated while the polymerization velocity 



Figure II-3. The relation of polymerization velocity and k value to ammonia 
concentration during polymerization of vinyl pyrrolidone. 


pa K 



Figure II-4. The relation of polymerization velocity and k value to temperature 
during polymerization of vinyl pyrrolidone. 

again decreases. With 5 per cent of hydrogen peroxide a k value of about 
20 is obtained. 

Effect of Concentration of Vinyl Pyrrolidone. The concentration of 
vinyl pyrrolidone in the original mixture also has an influence on the induc- 
tion period, polymerization velocity, and k value. As Figure II-6 and 
Table II-IO show, at first the polymerization velocity increases strongly 
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with increasing concent I'ation up to al)<)ut 30 per cent vinyl pyi'rolidone, 
as is customary for solution polymerization. It then remains constant to 
about 60 per cent vinyl pyrrolidone, but decreases sharply thereafter. 

Table II-6. Dependence of Induction Period (LZ), Polymerization Velocity fPtJ), 
and k Value on the pH of the Solution 

(30% VP in water; 0.5%, of 30%, hydrogen peroxich'; 0.1% of 100% ammonia; tem- 
perature 50°C) 


Initial 

pH 

____ 

LZ 

(min.) 

PC 

k Value 

6 

60 



' 45 



56 

9 i 

5 

250 1 

55 

10 ! 

0 ! 

210 

55 


Table II-7. Dependimce of Induction Period (LZ), Polyuierizatiori Velocity (PG), 
and k Value on the Temjierature 

(30% VP in water; 0.5% of 30% hydrogen peroxide; 0.1% of 100% ammonia) 



0 an 02 03 09 ^ UO IS 20 

HtDROOEN F€R0XIDef30%, % 

Figure 11-5. The relation of polymerization velocity and k value to hydrogen 
peroxide concentration during polymerization of vinyl pyrrolidone. 

The decrease in polymerization velocity with increase in concentration 
is attributed to a decreased tendency toward hydrate formation. With 
100 per cent vinyl pyrrolidone, polymerization does not start at all, indi- 
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eating that water is very important for this process. The extent to which 
the k value is independent of the concentration is suiprising; this is not 
ordinarily observed in solution polymerization. 


Tabic II-8. Dependence of Induction Period (LZ), Polymerization Velocity (PCI), 
and k Value on the Percentage of Hydrogen Peroxide 
(30% VP in water; 0.3% of 100% ammonia; temperature 50°C) 


Hydrogen Peroxide (30'^;,) 
Based on VP 


L7. 

(min.) 

! 1 

1 ! 

k Value 

2.0 


0 

i 1100 ! 

33 

1.5 


0 

i 800 ; 

38 

1.0 


0 

' 700 i 

45 

0.5 


0 

■100 

56 

0.25 


10 

’ 350 1 

; ! 

65 

'able II-9. Dependence of Induction Period (LZ), Polymerization Velocity (PG) 

and k Value on 

Very Small Percentages of Hydrogen Peroxide 

Hydrogen Peroxide (30%) | 

Based on VP j 

LZ 

(min.) 

! 1 

! 

k Value 

2 X 0.1 

1 

i 

20 

i 1 

1 290 1 

80 

3 X 0.05 


23 

! 225 

90 

3 X 0.01 


J.)ocs not start 1 

— 



0 f0l0304050€0?08090t00 

mYLPYRROLIDONE, % 

Figure II-O. The effect of vinyl pyrrolidone concentration during i)olymerization 
on the polyiiK'rization velocity and th(‘ k value. 


Effect of Rate of Addition of Monomer. It is possible to (iarry out the 
polymerization by progressively adding the monomei' solution without 
changing the k value very much. This is technically of great advantage 
because the dissipation of heat of polymerization is difficult in highly 
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concentrated batches. The experimental data in Table II-ll show this 
relation. 

The small increase of the k value from 30 to 38, for addition times from 
0, to 120 minutes, is probably caused by the gradual decomposition of the 
hydrogen peroxide and the decrease of its concentration with prolonged 
addition time. 

Tabic II-IO. Dependence of Induction Period (LZ), Polymerization Velocity (PG), 
and k Value on the Concentration of Vinyl Pyrrolidone 

(VP in water; 2% of 30% hydrogen peroxide; 0.4% of 100% ammonia; temperature 

50°C) 


VP 

% 

LZ 

1 

PG 

h Value 

10 

Does nc 

)t start 



20 

0 

250 

34 

40 

0 

850 

39 

50 

0 

850 

35 

60 

0 

850 

35 

80 

10 

350 

35 

90 

10 

1 150 


100 

Does not start 



Table 1141. Dependence of k Value on the Rate of Addition of a 50% Solution of 

Vinyl Pyrrolidone in Water 

(2.0% of 30% hydrogen peroxide; 0.4% of 100% ammonia; temperature 50°C) 


Time of Addition 
(min.) 

k Value 

0 (everything added at start) 

30 

12 

33 

120 

38 


Effect of Oxygen. By excluding the molecular oxygen from the air — 
i.e., by displacing it with nitrogen — a further shortening of the induction 
period and an increase in polymerization velocity, especially at lower 
temperatures, can be obtained. For example, 30 parts of vinyl pyrrolidone 
in 70 parts of water together with 0,5 per cent of 30 per cent hydrogen 
peroxide and 0.1 per cent of 100 per cent ammonia at 20 °C does not poly- 
merize in the presence of atmospheric oxygen. In a stream of nitrogen, 
on the other hand, polymerization starts at once and is practically finished 
within two hours. Without the addition of ammonia, no reaction takes 
place even when using the nitrogen. The k value of the product was de- 
termined as 56. 
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Commercial Production of Polyvinyl Pyrrolidones (“Kollidons’’) 

Commercial N-vinyl pyrrolidone may contain up to 2 per cent of oily 
impurities which are insoluble in water; in small quantities these impurities 
often cause turbidity when diluted with water during the subsequent poly- 
merization. In accordance with the preceding investigation, the commer- 
cial production of the ‘^Kollidons'^ is carried out at present in 400-liter 
batches ; the 30 to 60 per cent monomer solution is either added at the start 
or gradually during the polymerization. 

The product is dried by spraying in a Nubilosa dr^^er. The drying of 
solutions of higher viscosity is difficult. '‘Kollidon F33” {h == 33) is poly- 
merized in a 30 per cent solution because the product can still be dried in 
this concentration. In order to dry the high viscosity solutions of the 
higher polymeric ^‘Kollidons” (up to k values of 100), or the more concen- 
trated solutions, drum drying is contemplated. 

Properties of Polyvinyl Pyrrolidones 

Pure polyvinyl pyrrolidones, polymerized by light as a catalyst, are glass- 
clear masses. Exposed to air, they gradually absorb water and form 
highly viscous solutions in water. The E.P. (softening point) is over 
100°C. In contrast to the high polymer produced by light polymerization, 
the block polymer is more or less discolored yellow to brown and of low 
viscosity. By solution polymerization, colorless products from k = 20 
to k = 100 can be made. 

Solubility. The polyvinyl pyrrolidones give clear solutions in water; 
viscosity depends on their k value. Highly concentrated warm solutions 
of alkalies and sodium chloride will salt them out, but they cannot be pre- 
cipitated by strong acids. The aqueous solutions are completely neutral 
and very resistant to saponifying agents. However, when boiled with 
concentrated alkali, they form an insoluble product. 

The “Kollidons” are soluble and compatible with water and organic sol- 
vents. They dissolve easily in alcohols, ketones, tetrahydrofurane, 
chlorinated hydrocarbons, pyridine and lactones. They swell in esters 
and aromatic hydrocarbons and are insoluble in ether and aliphatic hydro- 
carbons. The addition of ligroin to monomeric vinyl pyrrolidone gives a 
turbidity or precipitate if the monomer has started to polymerize in 
storage. The monomeric vinyl pyrrolidone is miscible with all organic 
solvents. 

Non-miscibility of Vinyl Pyrrolidone in Ternary Systems. In order to 
extract the remaining monomeric vinyl pyrrolidone from aqueous solutions 
of the solution polymer, its non-miscibility in some ternary systems was 
investigated. Figures II-7, 8, 9 show the systems : 
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vinyl pyrrolidnnr/etliyl ether/'waiei* 
vinyl pyrrolidoiK'/othyl iic.(^iato/wat(‘r 
vinyl pyiTolidone/nudhyloru' (chloride /water 

The positions of the tie lines and the distribution curves (see Fif^ure II- 
10) indicate that methylene chloride is the best solvent for removing mono- 
mer from polymer solutions. 


tOO%VP 



Figcre ir-7. Ternary diagram for the system vinyl pvrrolitlone-ethyl 
ether- water at 25° C. 

K)0%VP 



Figi^re II-8. Ternary diagram for the system vinyl pyrrolidone-othyl 
acetate-water at 25° C. 

With low concentrations of vinyl pyrrolidone, the solubility of vinyl 
pyrrolidone in methylene chloride is ten times that in water. 

While in the system methylene chloride/water, the monomeric vinyl 
pyrrolidone for the most part passes over into the methylene chloride, it is 
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surprising that the circumstances in the polymer solution are reversed. 
In the presence of water, polywinyl pyrrolidone is sparingly soluble in 



Fkjltre II-9. Ternary diagram for th(‘ system vinyl i)yrrolidone-me1 hvlono 
chloride-water at 25° C. 



Figure II-IO. The distribution of vinyl pyrrolidone between water and organic 
solvents at 25°C. 

Curve 1 — Methylene chloride 
Curve 2 — Ether 
Curve 3 — Ethyl acetate 

methylene chloride or, in general, in organic solvents not miscible with 
water, whereas it dissolves easily in these solvents in the absence of water. 
Therefore, it is possible even in production to extract monomeric vinyl 
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pyrrolidone from aqueous solutions of polyvinyl pyrrolidone with methy- 
lene chloride. 

If water and solvents miscible with water are used at the same time, non- 
miscibility occurs at certain concentrations, i,e.^ the solutions separate into 
two liquid phases. 

Non-miscibility of Polyvinyl Pyrrolidones in Acetone/ Water. This 
non-miscibility has been studied thoroughly for the system polyvinyl 
pyrrolidone/acetone/ water (see Figure II-ll). 

Non-miscibility was determined by adding to several concentrated solu- 
tions of ‘‘Kollidon’’ in acetone (left side of the isosceles triangle) and in 
water (right side of the triangle) increasing amounts of water and acetone, 
respectively, until turbidity occurred. 



Figure II-ll. Ternary diagram for the system “Kollidon”-acotone-\vater at 25°C 
for ^‘Kollidons’^ of various k values. 

In Figure II-ll it is evident that very small additions of water to a solu- 
tion of “Kollidon’’ in acetone quickly causes the separation into two 
phases, probably because a hydrate is formed which is insoluble in acetone. 

Abnormal Position of the Conjugated Points of Polymerically Non- 
homogenous ‘‘Kollidons^^ If one tries, through direct mixing of the three 
components in a proportion that corresponds, for example, to points A, 
B, or C within the non-miscible area, to determine the conjugation line 
(Fig. 11-12) by analyzing the composition of the two phases, the conju- 
gated points Ai, Ai, Bi, or Ci, C 2 are not — as first expected — on the 
boundary line of non-miscibility, but outside or inside this line. 

Also the corresponding points A 1 -A-A 2 , B 1 -B-B 2 , or C 1 -C-C 2 are not 
situated on a straight line, as is usually the case in non-miscibility. For 
‘^Kollidons’^ of different k values, the non-miscibility becomes greater with 
increasing k value (Figure 11-12). In this case, the extent of non-mis- 
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cibility seems to be independent of the degree of molecular homogeneity 
of the polymer. Even two products with a k value of 15, one of which was 
obtained by direct polymerization, and the second by mixing 5 parts of 
^‘Kollidon^' of k value 33 with 21 parts of monomeric vinyl pyrrolidone, 
give duplicate non-miscibility regions within the limits of error. 

Dependence of Non -miscibility on the k Value. The abnormal positions 
of the conjugated points can be explained from the three-dimensional 
representation of non-miscibility as related to the k value (Figure 11-12). 
Polymerization always produces to a greater or lesser degree mixtures of 
polymers with varying k values, and the two phases therefore contain 
“Kollidons” of different mean k values. Therefore, the conjugated points, 


lOO%KOLUDON 



Figure 11-12. Ternary diagram for the system “Kollidon” (/o value 15) -acetone- 
water at 25^C, showing conjugated points. 

according to the degree of non-homogeneity, are situated more or less above 
. or below the surface representing non-miscibility. The connecting lines 
of the three points, which in normal non-miscibility in ternary systems 
would be situated on straight lines, are in this case probably three-dimen- 
sional irregular curves. 

Fractionation of the “Kollidons.’^ This is an explanation for the pos- 
sibility of precipitating the ‘^Kollidons” from aqueous solutions with ace- 
tone into fractions of varying k values, which was first pointed out by Dr. 
Hecht of Elberfeld. With an exact knowledge of the non-miscibility, one 
can fix the optimum conditions for fractionation. In order to separate 
by fractionation, for example, the low-viscosity component from “Kolli- 
don F33,^^ it is necessary to start with a relatively concentrated, aqueous 
“Kollidon^^ solution (about 30 per cent) and mix this solution with an equally 
concentrated solution of ^^Kollidon” in acetone in the proportion of 1:3. 

Because the position of non-miscibility varies with the k value (Figure 
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11-13), it is possible, especially in the range of low k values, to determine 
the k values by titration of aqueous solutions with acetone. 

Summary. The polyvinyl pyrrolidones represent a completely new type 
of polymerization product, soluble in both water and organic solvents. 

They can be commercially produced without any difficulty in aqueous 
solutions m viscosity grades ranging in k value from 5 to 100. The addi- 
tion of ammonia strongly activates the polymerization reaction. 

Ihe exact investigation of the reaction conditions in the polymerization 
process (induction period and polymerization velocity) and the properties 


K VAU/E 



Fkjure 11-13. The system “Kollidon”-acet one-water at 25^^ C in 
relation to the k value. 

of the polymers {k value) resulted in many surprises which can probably be 
explained on the basis of hydrate formation by the monomeric as well as 
the polymeric vinyl pyrrolidone. In this category belong the rapidly 
increasing and equally rapid decreasing polymerization velocity with in- 
creasing vinyl pyrrolidone concentration in the original mixture, having 
little influence on the k value ; the strong acceleration of the polymerization 
velocity through increased amounts of ammonia; the decisive influence of 
the added amount of hydrogen peroxide on the k value; and the relatively 
minor influence of temperature on the k value. 

The investigation of non-miscibility in ternary systems revealed for the 
first time the correlation between the extent of non-miscibility and the k 
value. ITiis presents a possible means for the separation of non-homo- 
geneous polymers into fractions ;vith high and low k values and the deter- 
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mination of their absolute values. The conjugated points of such poly- 
mers are not situated, as might be expected, on the non-miscibility curve 
but above or below this curve on the surface of the non-miscibility space 
which corresponds to the whole k value range. 

Applications of Pol3rvinyl Pyrrolidone 

The polyvinyl pyrrolidones may be used for various purposes which 
depend in large part on their degree of polymerization as indicated by 
their k value. They are of interest as gums and glues, raw materials for 
adhesives, substitutes for animal glues, bonding agents in the film, repro- 
duction, and coating industries, and as thickeners for emulsions, solutions, 
and for soaps and cosmetic preparations. They may be used as sizing 
agents for paper, fibers and fabrics, and are reported to bring out a deeper 
color tone, particularly in combination with basic dyes. Polyvinyl pyr- 
rolidone films can be rendered water-insoluble by reaction with diisocya- 
nates. 

A unique and important application for the low-viscosity polyvinyl 
pyrrolidone (/c value 30, mol. wt. approx. 40,000) was as a blood plasma 
substitute, where it was called “Periston. To prepare the “Periston"' 
solution, polyvinyl pyrrolidone was dissolved in water to give a 20 per cent 
solution, filtered and sterilized at 120°C. The manufacturing formula is 
as follows : 


NaCl 

. . 800 g 

N/1 HCL (1710 cc) 

1728.8 g 

KCl 

. . 42 g 

NaHCOa 

168.0 g 

CaClrGHsO 

50 g 

Kollidon (20 per cent soln.). . 

12,500 cc 

MgCb-eHjO... 

0.5g 

Water (distilled) 

101.3 kg 


The solution prepared from the above recipe is filtered and sterilized in 100, 
250 and 500-cc ampoules at 105 °C for one hour. The ampoules are stored 
at 30 to 35°C for three weeks to permit detection of any separation of 
material from solution. 

Reppe states that “Periston" has proved of value in all cases in which 
transfusion of blood was not possible, particularly in actual combat where 
the lives of many thousands of soldiers of “all" nations have been saved 
by the use of this chemical. “Periston" is superior to preserved blood by 
virtue of its independence of blood groups and because its stability permits 
indefinite storage without refrigeration. 

“Periston" is used as a blood plasma substitute to replace loss of blood 
in the following cases: 

(1) Acute loss of blood (lesions, operations, childbirth, etc.) 

(2) Shock due to trauma, operations or narcosis. 
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(3) Thickening of the blood resulting from increased loss of liquid 
due to diarrhea, vomiting or protoplasmic collapse. 

“Periston,” which can only be used intravenously, has no toxic effects, 
and may be used simultaneously with other water-soluble pharmaceuticals. 
In the 100,000 to 2(X),000 cases where '‘Periston” was used by the military, 
only one case of “drug fever” was reported; this of course could have been 
due to some other clause. When it is administered in cases of shock caused 
by hemorrhage, capillary permeability is reduced, the pressure and vis(;os- 
ity of the blood increased, the water content raised and the erythrocyte 
and hemoglobin content lowered by dilution as is the fibrin, albumen and 
globulin content. The pi*eparation remains in the circulation in signifi- 
cant (quantity for 2 or 3 days, but thereafter cannot be found in the uihie. 
However, not more than 50 per cent can be accounted for by urinary ex- 
cretion. It is believed that in the l)ody “Periston’’ is broken down into 
amino acids. 

To combat shock in adults 500 to 1000 cc is used, although as much as 
2000 cc has been used. Infants do not tolerate “Periston” as well as older 
patients; recommended dosages are 25 cc/kg of body weight. Two or 
three cases of hematuria have been observed in the thousands of babies 
treated ; however, the urine cleared promptly and there were no signs of 
permanent injury. Although Reppe claims that “Periston” has no 
deleterious effects on humans, German Army pathologists have called at- 
tention to certain cases of livt'r and kidney damage. 

Kleiderer, Rice and Conquest^^, members of an American team in- 
vestigating Geiman pharmaceutical activities comment as follows on 
“Periston”: 

“(1) The (daim that ‘Periston’ is equal or superior to blood plasma is 
probably unfounded. However, it does appear to be superior to gum 
acacia and simple saline. 

“(2) No comparisons have been made with degraded gelatin. This 
should be done and if ‘Periston’ is supeu’ior to gelatin, there is probably a 
place for it in therapeutics.” 

Reppe in his manuscript states that unfortunately the work on possible 
applications of polyvinyl pyrrolidone was interrupted in the early stages 
by the war developments. However, he expressed interest in attempting 
to trace the decomposition of polyvinyl pyrrolidone in the body using the 
heavy nitrogen isotope as the tracer element. Also, he mentions the 
possible' use of polyvinyl j^yrrolidoiie in combination with insulin and the 
use of very high polymers {k values of 100) in the treatment of lung dis- 
(^ases. It is not clear whether these statements are conjectures, or whether 
they have some basis in fact. 
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Mechanism op the Vinylation Reaction 

Reppe posiulaics that in vinylation the first rea(*tion is formation of a 
metal alcoholate from tlu^ aic.ohol and tiu^ alkali hydroxide. Ac^etylene 
then acts on the alcoholate, placing itself bc^tween the oxygen and the 
metal to form the metal salt of the vinyl ether; upon reaction with alcohol 
this gives the vinyl ether and the alcoholate, vYhich may then undergo a 
similar reaction with acetylene. 

KOH + KOH ROK + H 2 O 

HC^rCll 

H 

/ 

ROCH=C 

\ 

K 

IROII 

i 

ROK + R0C11=CH2 

Such a mechanism explains the catalytic effect of the alkali. 

Reppe considers that this reaction is analogous to that of carbon monox- 
ide with methanol in the presence of catalytic proportions of alcoholate: 
CII 3 OH + CO ^ IICOOCHa 

the carl)on monoxide entering between the hydrogen and the oxygen of the 
hydroxyl group just as acetylene does in the vin3dation reaction. 

Hanford has suggested the following mechanism, which is based on the 
observed reaction of aqueous trimethylamine or trimethylamine acetate 
with acetylene to give trimethyl vinyl ammonium hydroxide or acetate 
respectively:^® 

■ (CH3)aN + H 2 O -> KCiWsNWOH- [(ClUnN— CH=CH2]+OH- 

Since no catalyst is employed in the reaction and since secondary and ter- 
tiary amines are known catalysts for the vinylation of alk^dated phenols, 
Hanford believes that Reppe has isolated an intermediate product in iho 
vinylation of a tertiary amine. If this is so, then the mechanism for the 
vinylation of an alcohol is as follows: 

KOH -h ROH ±;: ROK -f H 2 O 
ROK ±1; RO- -h K+ 

RO- -f HC=CH ROCH=CH- 

K0CH=CH- 4 - ROH R0CH==CH2 -f RO- 

The same mechanism would hold for other vinylations. 

W. E. Hanford, Paper presented at 110th Meeting of American Chemical 
Society, Sept. 11, 1946. 
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General Summary op Vinyl ation Reactions 

Consideration of the various reactions discussed in this chapter on vinyla- 
tion shows that in all cases the vinylation involves : 

(1) The addition of an active hydrogen attached to a hetero-atom such 
as oxygen, sulfur, or nitrogen to the triple bond of acetylene or a derivative 
thereof. 

(2) The formation of a vinyl compound in which the vinyl group results 
from the triple bond of the acetylenic derivative and is joined in the adduct 
through a hetero-atom ; in other words, no new carbon-carbon bonds are 
formed. For example: 

non -i- HC^CH ROCn=CH2 

RSH + HC=CH RSCH==Cil2 

RCOOH + HC=CH RC— 0CH=CH2 

O 


RsNH -h HC^CH RaN— CH=CH2 


R 


\ 


R— N + HoO 4- HC=CH 

/ 

R 

C=0 


‘R 

\ 

R— N— CH=CH2 
/ 

c=o 


OH- 


/ 


R 


-f HC^CH R 


N— H 


\ 


N— CH=CH2 


The question naturally arises: is it possible to vinylate a carbon atom 
carrying an active hydrogen with the formation of new carbon-carbon 
linkages, viz. 


— C— H -H HCsCH — C— CH=CH2 

I I 

fixamples of such a reaction immediately come to mind ; the addition of 
acetylene to itself according to Nieuwland^s technique to form vinyl 
acetylene, the polymerization of acetylene to cyclopolyolefins (see page 177) 
and the addition of hydrogen cyanide to acetylene to form acrylonitrile. 
The reaction catalysts in these reactions are, however, not typical vinyl- 
ation catalysts and at present, ‘'carbon vinylation^' is not a general reaction 
like the vinylations discussed above. Apparently attempts had been made 
to vinylate unsaturated compounds containing acidic hydrogen atoms such 
as indene, fluorene and cyclopentadiene, in the presence of their potassium 
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compounds. Acetylene was actually absorbed at high temperatures. It 
is not clear whether small quantities of monomeric vinyl compounds were 
actually isolated and characterized ; in any event, it is evident that poly- 
merization under the reaction conditions necessarily imposed was a serious 
obstacle in the study of the reaction. 

Similarly, experiments with phenyl sodium and similar metalloorganic 
compounds did not yield the expected result, the reaction with acetylene 
apparently forming sodium acetylide and regenerating the hydrocarbon. 
Likewise, alkali metal-hydrocarbon adducts such as disodium naphthalene 
did not react to give carbon vinylation. 

Compounds having active methylene character such as acetoacetic ester, 
benzoylacetic acid ester, malonic ester, etc., readily take up acetylene. 
However, this does not necessarily represent carbon vinylation as it is 
possible in such known keto-enol tautomeric compounds that the vinyla- 
tion first takes place on the oxygen of the enol form. 

The vinylation of organic compounds containing an active hydrogen 
jointed to a hetero-atom such as oxygen, nitrogen or sulfur by addition to 
acetylene, with or without pressure, in the presence of basic catalysts is 
of broad general scope. Allylic type alcohols cannot, however, be suc- 
cessfully vinylated. The vinylation technique is standardized, only minor 
variations in experimental conditions such as temperature, pressure, kind 
and amount of catalyst, solvent or diluent, etc., being necessary. 

The outstanding feature of the vinylation technique is the use of acety- 
lene under pressure. This new method of handling acetylene under pres- 
sure makes available for the first time an unlimited number of vinyl com- 
pounds which are rich in energy, easily polymerizable and highly reactive. 

The great variety of reactive vinyl compounds which have been pre- 
pared by Ileppe and his associates is evident from the following tabulation. 


Appendix to Chapter II 
Vinylation Products of : 


(1) Alcohols 


(a) Aliphatic 

(°C) 

Vinyl methyl ether 

b.p. 66° 

Vinyl ethyl ether 

“ 37° 

Vinyl propyl ether 

“ 64° 

Vinyl isopropyl ether 

“ 54° 

Vinyl butyl ether 

“ 92° 

Vinyl isobutyl ether 

“ 81° 

Vinyl isoamyl ether 

“ 111° 

Vinyl isohexyl ether 

“ 40-42°/14 mm 

Vinyl isoheptyl ether 

“ 5(>-65°/14 mm 

Vinyl octyl ether 

“ 67-70°/3mm 

Vinyl ethyl hexyl ether 

“ 74-76°/12mm 

Vinyl decyl ether 

“ 120-126712 mm 
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V^inyl clociecyl ether 

Vinyl telradecyl ether 

Vinyl cetyl ether 

Vinyl octodecyl ether 

Vinyl ether of Mont an alcoholK 

Vinyl oleyl ether 

Vinyl ether of octadccandiol 

Mono vinyl ether of ethylene glycol 

Divinyl ether of ethylene glycol 

Monovinyl ether of diethylene glycol 

Divinyl ether of diethylene glycol 

Vinyl ether of 1,3-butyleno glycol 

Vinyl ether of ethylene glycol ethyl ether 

Vinyl ether of diethylene glycol ethyl ether 

Divinyl ether of triethylene glycol 

Vinyl ether of triethylene glycol eth^d ether 

Vinyl ether of methyl glycol 

Vinyl ether of methyl diglycol 

Divinyl ether of butandiol-1,4 

Vinyl ether from butol ether 

Vinyl phenoxy ethyl ether 

CUz—CHOCHsCHsOCeH 5 
Viriyl-p-cresoxy ethyl ether 
Vinylxylenoxy ethyl ether 
Vinyl ether of methoxybutanol 
Vinyl p-isobutylphenoxy ethyl ether 



Vinyl-2, 4, 6-trichlorphenoxy ethyl ether 

Vinyl-2, 4-dichlorphenoxy ethyl ether 

Vinyl 2-chlorphenoxy ethyl ether 

Vinyl ether of glycol aldehyde ethylidene acetal 

OCH 2 

/ 

CH;=CHOCIl2CH 

\ 

OCH 2 

Vinyl ether of glycol aldehyde dimethyl acetal 

OCH 3 

/ 

CH2==CH0CH2CH 

\ 

OCH, 

Vinyl ether of formylidene glycerin 
CH 2 — CH • CHjOCH==CH2 

1 I 

o o 

\ / 

CHo 


“ 130-13574 mm 
‘ 140-14572 mm 
‘ I 6 O 72 mm 

‘ 17572 mm 

‘ 200-30072 mm 

‘ 170-18076 mm 
‘ 203-20572 mm 

‘ 135-140° 

‘ 124° 

‘ 108712 mm 

‘ 85712 mm 
^ 160-165° 

‘ 127° 

‘ 90-92°/16 mm 
‘ 00-9671, 2 mm 
^ 100-125°/10 
‘ 108-109° 

‘ 78-80°/18mm 
‘ 52-69°/0, 6-1, 5 mm 
‘ 130-138° 

‘ 122°/16 mm 

‘ ]33°/16 mm 
‘ 126-127°/10 mm 
‘ 137-142° 

‘ 126-127°/10 mm 


53°/10 mm 
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Vinyl ether of glycerin ethylidenacetal 56°/9 rnm 

Vinyl ether of benzylidene glycerin “ 120°/2 mm 

Vinyl ether of isopropilidene glycerin “ 57°/10 mm 

Vinyl ether of cyclohexylidene glycerin 

Trivinyl ether of trihydroxyethyl glycerin '' 100-120^0.6 mm 

Trivinyl ether of tetrahydroxyethyl pcntaerythritol “ 100-120°/0.6 mm 

Trivinyl ether of trihydroxy ethyl trimethylol pro- 
pane 

Trivinyl ether of trihydroxy ethyl hexantriol-2,4,6 

Vinyl ether of glycol acetate “ 39.5-41.570.2 mm 

CTI~CH--0--CHi.--CH2— 0--OC— CIU 
Monovinyl ether of diacetin “ 72-80°/0.15 mm 

CH. CH CH, 

I I I 

0 o o 

COCH 3 COCtIa CII=CII, 

l-Vinyl-2,3,4,5-diacctonfructose ‘‘ 112-11571 -6 mm 

CH 2 — o— CII=CH 2 m.p. 43-45° 

C— 0 CII 3 

\ / 

c 

/ \ 

H— C— O CHa 

I 

CHa 0— C— H 

\ / 

C 

/ \ I 


o CH, O— C— H 



Mixture of l-vinyl-2,3,4,6-diacetonfructose and 3- 
vinyldiacetonglucose 
(b) Cycloaliphatic 
Vinyl benzyl ether 
Vinyl abietinol 

Vinyl m ethyl phenyl carbinyl ether 

CH0CH=CH, 

CHa 

Vinyl ether of hydratropic alcohol 

CH— CH30CH=CH2 

CHa 

Vinyl-p-chlor benzyl ether 

Cl— CH,OCH=CH, 

Vinyl ether of l-phenyl-3-propanol 
(2) Phenols y Naphthols, etc. 


b.p. 134-13571 mm 

“ 147° 

“ 178-18472 mm 
“ 65-6679 mm 

” 99-102710 mm 
m.p. 224® 
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Vinyl phenyl ether 

CeHfiOCH-^CHj 
Vinyl-m-cresyl ether 
Vinyl -p-cresyl ether 
p-Isobutyl phen yl vin yl ether 

C.H.— OCH=CHj 

p-Isohexyl phenyl vinyl ether 
Vinyl ether of tetralol 
Vinyl-alpha-naphthyl ether 
Vinyl ether of borneol 
Vinyl ether of isoborneol 
Vinyl ether of terpineol 
Vinyl ether of amyl salicylate 
Vinyl ether of methyl salicylate 
Octyl phenyl vinyl ether 
Dodecyl phenyl vinyl ether 
Octodecyl phenyl vinyl ether 
2;4,6-Trichlorophenyl vinyl ether 
(3) Mercaptans 
Vinyl ethyl sulfide 

C,Hfi-SCH=CH2 
Thiodiglycol vinyl ether 
Dodecyl vinyl sulfide 

C«Hs>5SCH==CHi 
Octodecyl vinyl sulfide 
Ci8H,7-SCH=-CH2 
Palmcern vinyl sulfide 
Vinyl phenyl sulfide 

CeHj-S-CH=CH2 

p-Tolyl vinyl sulfide 

CH,C6H4— S— CH— CHs 
o-Tolyl vinyl sulfide 
8-Chloronaphthyl vinyl sulfide 



Vinyl-alpha-naphthyl sulfide 
Vinyl -2, 5-dimethyl -4-chlorophenyl 
sulfide 


S*CH==CH2 



b.p. 54-55717 mm 

“ 72716 mm 
'' 74-76717 mm 


91-9371 
“ 143718 mm 
“ 152716 mm 
‘‘ 100-103712 mm 
75-7872 mm 
78-8072 mm 
“ 150-160712 mm 
“ 105-11274 mm 
107-11072 mm 

“ 7072 mm 


‘‘ 917760 mm 

“ 110-150712 mm 
128-13073 mm 

“ 183-18572 mm 

‘‘ 120-17372 mm 
“ 76-7874 mm 

“ 98-110714 mm 


148-15070.6 mm 


“ 124-12670.6 mm 
“ 110-11274 mm 



Vinyl benzyl sulfide 

CH 2 — S—CH=CH2 


Vinyl-2-inercaptobenzotliiazyl sulfide 


N 



S 


Vinyl butyl glycollate sulfide 
(4) Alkanol Amines 
Monoethanol amine 


Diethanol amine 

Triethanol amine 
Butanol-1 -amine-4 

Vinyl ether of mono-N-hydroxyethylaniline 
CcHsNH • CH 2 CH 26 cH=CH 2 
Vinyl ether of mono-N-hydroxyethyl-m-toluidine 

NNCH2CHk)CH=CH2 



CII3 

Vinyl ether of mono-N-hydroxyethyl-butylaniline 

/ 

N 

rA/ \ 

CHoCH20CH=CH, 

Divinyl ether of di-N-hydroxyethyl-m-chloraniline 
Vinyl ether of N-hydroxyethyl butylcresidine 
Vinyl ether of N-hydroxyethyl -p-cresidine 
Vinyl N-hydroxyethyl diphenylamine 

A 


A 

I 


“ 7373 mm 


“ 135-14072 mm 


“ 93-9671.5 mm 

“ 42% 50° 

35% 50-115°/14 mm 
23% 115-130° 

“ 50% 100° 

50% 110-135°/5 mm 
“ 75-155°/12mm 
“ 50-60°/3 mm 
“ 128-132°/9-10 mm 

“ 142-146711-12 mm 


“ 146-15379-10 ram 


“ 193-201 °/12 mm 
“ 164 r - 169°/10 mm 
“ 160 - 163°/11 mm 
“ 150-160°/3mm 


N— CH,CH,OCH— CH, 
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Y.0 

V^inyl dimeihylaniinoethyl etlier 
Vinyl diethylaminoothyl other 
Vinyl other of N-hydroxyothylp3Trolidino 
N^inyl 5*diethylamino isopentyl other 
Divinyl ether of N,N-dihy(lroxyethyl aniline 
(5j Aminv.}^ 

Vinyl carbazolo 

Isopropyl vinyl carbazolo 

Vinyl diphenyl amino 

Vinyl p - a cc toxy d ipho ny 1 amino 

Vinyl phenyl-alpha-naphthylamino 

Vinyl-/?-tolyl-alpha-naphthylamino 

V i ny 1 me thy 1 -al ph a -naphthy lami no 

Vinyl phonyl'bot a-naphthvlamino 

Vinylindole 

Vinyl-2-mothylindol(‘ 

\ - Vinylpvrrolidono 

(-Ho 

C=0 


N 

CH=ClIo 
(6) Carboxylic Acids 
Vinyl valerate 
Vinyl capronato 
Vinyl caprylaio 
Vinyl laurato 
Vinyl myristato 
Vinyl j)almitate 
Vinyl stearate 
Vinyl oleatc 
Vinyl linoleate 
Vinyl phenylacctato 
Vinyl -2-ethyl caprylat o 
Vinyl-alpha-naphthoato 
Vinyl-beta-naphthoato 
Vinyl cinnamate 
Vinyl benzoate 
Vinyl ethyl phthalate 
Vinyl acetyl salicylate 
Vinyl abietate 
Vinyl naphthionate 

Vinyl ester of paraffin fatty acids (Cfi-C?) 
Vinyl ester of paraffin fatty acids (Cn-Cis) 


“ 5()Vlh mm 
“ 51 ”55 VI 5 mm 
“ 70-90716 mm 
106-115724 mm 
101-15072 mm 

m.p. Gl"" 

b.p. 170-180715 mm 
“ 145-15570.2 mm 
m.p. 52'" 

b.p. 115-15878 mm 
m.p. 80-83° 

u 72 - 78 ° 

b.p. II6-I2071 mm 
m.p. 79-82° 
b.p. 70-7271-2 mm 
“ 105°/2 mm 
“ 100-102716-17 mm 


b.p. 130-140° 

“ 50-60710 min 
“ m)-100712 mm 
110-12575 mm 
“ 140-1.50°/3 mm 
“ 165°/2 mm 
17872 mm 
“ 17572 mm 

160-1 7073 mm 
“ 88-90°/4 imu 
“ 128-130720 mm 
“ 145-15575 mm 

‘‘ 15374 mm 
“ 15374 mm 
“ 72-7473 mm 
“ 17373 mm 
“ 145-15073 rnm 
“ 194-20072 mm 
“ 176-18372 mm 
“ 50-85712 mm 
80-15071.5 mm 



Chapter III 
Ethinylation 

Introduction 

In 1937 Ueppe extended his work on aeetlene reactions to a fundamen- 
tally new type of reaction. In contrast, to vinylation, it is not an addition 
reaction involving the triple bond, but rather a reaction of the methine 
hydrogens of the acc'tylene. Heppe designated this type of leaction as 
“ethinylation,” which h(' defined as a proc('ss in which acetylene or its 
derivatives, containing a tree methine hydrogen in the presences of certain 
catalysts, reacts directly with the (carbon atom of thc^ reactant without 
loss of the triple bond. This may be don(‘ (1 ) by adding a methine hydro- 
gen to th(i carbonyl group of an aldehyde or ketone, or to the double bond of 
a vinyl amine; (2) by eliminating watei* between the methine hydrogen 
and labile hydroxy groups of the other rea(;tant. 

Three types of ethinylation rea(*tions were studied by Keppe: 

(1 ) Reactions of aldehydes and ketones to give alkynols and alkyndiols : 

R n 


C =0 + IKJ^Cll C— C^CH 

/ /I 

ir R/ OH 

R R R R 

\ \ \ / 

C— C=CH -h C =0 -> C-”C=C~-(^ 

/I / /I l\ 

R' OH R' R' OH HO R/ 

(2) Reactions of methylol amines to give propargyl amines (amino- 
propynes) : 

R2NCH2OH -f HfeCH R2NCH2feCH -f H2O 
RoNCHafeCH -f R2NCH2OH R2NCH2--C— C~ CH2NR2 + H2O 

If the acetylenic compound contains two or more methine hydrogens, 
ethinylation may take place so that one or more of the methine hydrogens 
are involved. Furthermore, if the other component is multi-functional, 
ethinylation may occur on a single or multiple basis. 

(3) Reactions of amines to give aminobutynes : 

RiNH + HCSCH ^ R,NCH==CH2 R.,N- C1U^=(^H 

CFl;, 
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As catalysts for these reactions, it was found that the metallic acetylides 
derived from the metals appearing in Group I of the periodic table, namely 
copper, silver, gold and mercury, were essential except in the ethinylation 
of ketones where hydroxyl ions were the only effective catalysts. For 
practical reasons, copper acetylide was usually the preferred catalyst. 
With acetylene itself high pressures were required for high yields, whereas 
little or no pressure was required with acetylene homologs, derivatives 
or substitution products. 

The reader at this point may well wonder how the ethinylation process 
using metallic acetylides as catalysts and acetylene under pressure was ever 
conceived and worked out. In Reppe^s own words the development was as 
follows : 

“Originally, it was my intention to synthesize propargyl alcohol and 
1,4-butynediol by combining two cheap substances, formaldehyde and 
acetylene. Using copper compounds as catalysts, I worked under such 
conditions (addition of strong acids, etc.) that the formation of the highly 
dangerous copper acetylide was avoided. As happens with any chemist, 
university lecture demonstrations had left a strong impression on my 
memory, and I was continually aware of how highly explosive copper acet- 
ylide could be. The results of all my experiments were negative through- 
out. Acetylene was indeed absorbed, but only oily products smelling 
strongly of caramel were obtained from formaldehyde and acetylene. 

“However, as it later turned out, the basic premise was erroneous, and 
consequently all experimental variations tested over three-quarters of a 
year of continuous daily work failed to yield either propargyl alcohol or 
but 3 mediol. During this time, however, I began to realize the importance 
of copper acetylide as a catalyst. By the addition of supposed accelerators 
such as aldehydes and amines, I discovered the reaction of acetylene with 
methylol amines. Investigation of the catalytic agent indicated that 
copper acetylide had been formed from the original copper salt present. 
This observation led to the deliberate addition of copper acetylide as a 
catalyst, and to a thorough study of its properties and behavior. I very 
soon learned that only by observing certain precautions which permitted 
the copper acetylide to form and remain stable did the reaction of acetylene 
with aldehydes and amines take place and proceed smoothly. The result 
of this work was the discovery of the generally applicable ^ethinylation 
reaction’.” 

The use of copper acetylide as a catalyst and acetylene under pressure 
must appear very surprising and extremely dangerous, particularly to an 
acetylene specialist. Acetylene under pressure was considered by every 
chemist as a dangerous chemical ; it seemed absurd that anyone should use 
copper acetylide as a catalyst, since the work of Stethbacker had shown 
that copper acetylide could be used as a primer for explosives. Naturally, 
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everyone assunnied that the combination of the two must inevitably ex- 
plode. Reppe admits that he was, of course, aware of this possibility in 
his early work. However, by the use of the most modern techniques avail- 
able, including study of the catalyst structure by x-ray, oscillographic de- 
termination of the limits of explosion of acetylene under pressure in the 
presence of copper acetylide, and under the reaction conditions, and kinetic 
studies, it was found practical to carry out such reactions on the largest 
technical scale. 

Ethinylation of Aldehydes 

S3nithesis of Alkynols and Alkynediols 

Propargyl alcohol, the simplest acetylenic alcohol (alkynol) was first 
prepared by Henry in 1872 by the dehydrohalogenation of 2-bromoallyl 
alcohol 

CH 2 =C— CH 2 OH — HC^C— CH 2 OH 
Br 

Some thirty years later lotsitch discovered the first acetylenic glycol 
(alkynediol ) when he reacted acetylenedimagnesium bromide with aldehydes 
and ketones 

\ \ \ / 

C=0 + BrMgC=C— MgBr C — C=C-~C 

/ /I l\ 

R* / R“ OH HO R> 

Since that time numerous papers have appeared describing other methods 
of synthesis, and investigations of the reactions of the acetylenic alcohols 
and glycols. (For a comprehensive review consult the excellent treatise of 
Johnson^) However, most of the available synthetic methods did not give 
too satisfactory yields, and the processes involved were generally not suited 
to large-scale production. 

The work of Reppe on the reaction of acetylene with aldehydes in the 
presence of copper acetylide catalysts offered the first feasible method of 
synthesizing acetylenic alcohols and glycols on a commercial scale. For 
example, when acetylene under 5 to 15 atm pressure reacts with aqueous 
formaldehyde at about 90 to 100°C in the presence of a copper acetylide 
catalyst, butyne-2-diol-l ,4 is formed in 92 per cent yield. At the same 
time, 5 to 6 per cent of propargyl alcohol is formed, and if desired, this 
can be recycled and converted ultimately to 1 ,4-butyne diol ^ 

1 Ber., 6, 453, 569 (1872). 

* Bull. 80C. chim.f 30, 210 (1903). 

* Johnson, A. W., ‘‘The Chemistry of the Acetylenic Compounds,” Vol. I, “The 
Acetylenic Alcohols”, Edward Arnold & Co., 1946. 

< D. R. Pat. 7U,m; 7B6,7U; Fr. Pai. 841, SOI. 
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HC=CH + H.C=0 -> IK^^C-'CHjOH HOCHiC^CCHaOH 

Other aldehydes, particularly of the aliphatic series, react readily imdei* 
similar conditiorrs. As the molecular weight increases, the tendency to 
form acetylenic glycol decreases. With acetaldehyde the final prodiu^t 
consists of approximately 50 per cent butyne-3-ol-2 and 50 per cent hexyne- 
3-dioh2,5; with butyraldehyde, of approximately 80 per cent hexyne-5-ol-4 
and 20 per cent decyne-5-diol-4,7. 

The catalytic effect of heavy-metal a(*etyiides on the methine hydrogen 
is not limited to acetylene alone, but is apparently general for many types 
of substituted acetylenes so long as there is an available acetylenic hy- 
drogen. By starting with vinyl a(*etylene it is possible to obtain alcohols 
containing both a double and a triple bond 

ncuo -f H2 (>=chc=ch -> ii2C'=chc=ck:hii 


OH 

Acetylenic! alcohols containing a methine hydrogen may be j‘c?acted 
with an aldehyde differing from that used in the first step of the reaction 
so that the resultant glyc'ol is unsymmetrical 

RCHO + KCHC=CCHIl' 

OH OH OH 

In the second step, the heavy -metal acetylide derived from the acetylenic 
alcohol may serve as the catalyst.^ 

Other derivatives of acetylene, such as the aminopropynes or amino- 
butynes, may also react with aldehydes. Simply refluxing an aciueous solu- 
tion of formaldehyde with 3-dimethylaminopropyne-l in the presence of 
cuprous hydroxide gave good yields of 4-dimethylaminobutyne-2-ol-l : 

(CH3)2NCH2C=CII 4- H2(^=0 (CHD.NCHoCsCCHsOH 

The copper acetylide catalyst necessary for these ethinylations may be 
prepared from inorganic or organic copper salts. Cupric salts serve as 
well as cuprous salts, for in the presence of the added aldehyde they are 
reduced to the cuprous stage. Difficultly soluble salts, such as cupric sul- 
fide, cupric phosphate, cuprous iodide, cuprous cyanide, and even metallic 
copper, slowly form copper a(!etylides under the conditions of the reaction. 
The catalyst may be prepared in a separate step and added to the reaction 
mixture, or it may be generated during the reaction. 

The active catalyst is apparently not the hydrated cuprous acetylide, 
Cu 2 C 2 -H 20 , normally obtained by passing acetylene into aqueous solutions 

6 1). R. Pat, 740,988. 

ez). n. Pat. 728, 

7 />. R. Pat. 728,406. 



ETHINYIjATWX 9,3 

of curpous salts, but is rather the addition eompouncl of the cuprous acet- 
ylide with one or several molecules of acetylene. Analytical investigations 
indicated that the cuprous acetylide hydrate, 0112(^2 *1120, was rapidly 
(•hanged to CU2C2 * H2O • C2H2 ; during the course of the reaction its formula 
varied from CxhC^-W) Colh to (^U2C2* lW) CV,Hr>, CUioC^o-HoO-Cifilfio up 
to ( 'U2C'2 ’H2() 0301140 . The hydrogen content is therefore higher than 
would be expec^ted on the basis of complex formation with acetylene mole- 
cules. This is, of course, in contrast to cuprene formation, where less 
hydrogen is present than is required for a pol3^men* of acetylene (C10H8 
instead of C^oHio). However, it is known that cuprene is always formed 
to some extent in any acetylene reaction, and the interpretation of the 
above figures is not clear. It was claimed that in the continuous tower 
experiments at a later date, analysis of the catalyst indicatc'fl the formula 
to be Cu2C2‘H2()*C"6H6. 

It was demonstratcHl that copper aca^tylide and acetylene combine readily 
to give fairly stable addition compounds with the release of ccmsiderable 
heat. These addition (compounds decompose m vacuoy or when swept with 
nitrogen at 60 to 70 °C, regenerating acetylene and copper acjetylide. Fur- 
thermore, it ^vas found that in the format ion m situ of the copper acetylide 
catalyst by the reduction of copper salts on a catalyst support with formal- 
dehyde folhm ed by reaction with acetylene, three times the stoichiometric 
quantity of acetylene required to form Cu 2C2-H20 was actually necessary. 

On the basis of these observations, Reppe believed that the ethinylation 
with formaldehyde involved the following steps: the copper acetylide and 
acetylene first form an unstable addition compound which transfers the 
activated acetylene molecule to the formaldehyde, generating propargyl 
alcohol and copper acetylide. A(;etylene again reacts with the copper 
ac^etylide, forming a new active catalyst which repeats the process. The 
propargyl alcohol, however, is activated by copper acetylide and adds an 
(^xtra molecule of formaldehyde, thus prtxlucing butynediol. 

After successful!}’’ developing the synthesis of alkynediols by a batch 
process, Reppe initiated work on the development of a continuous pro(;ess, 
whicii was obviously necessary if the contemplated large-scale production 
was to be realized. Such a continuous process might be based on either a 
sump-phase process or on a trickling tower process. The sprinkling or 
trickling tower process was preferable if the following requirements could 
be met: 

( 1 ) Avoid formation of cuprene which would choke the towers after a 
short time. 

( 2 ) Fix the catalyst in such a way that it could not be rinsed off by the 
liquid stream. 

( 3 ) Activate the catalyst to such an extent that 

(a) acetylene pressure could be substantially decreased, thus de- 
creasing the danger when dealing with large volumes of gas. 
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(b) a high yield in a single pass could be obtained. 

These conditions were eventually met and the trickling process was adopted 
for the large-scale production of alkynols and alkynediols. 

However, it required systematic and tedious work, and consideration of 
the entire periodic system to find chemicals which were able to suppress 
the formation of cuprene when using copper acetylide catalysts. Iodine, 
iodine compounds, and mercury proved to be most efficient. Other chemi- 
cals, such as bismuth, cerium, selenium and its oxides or salts, were con- 
siderably less efficient, but a certain activity was observed. The conclu- 
sion was reached — and proved analytically — that formation of cuprene is 
caused mainly by the presence of small quantities of metallic copper in the 
copper acetylide catalyst resulting from the reducing action of formalde- 
hyde. The activity of metallic copper in forming cuprene from acetylene 
is well known from the literature. 

The use of mercury was not desirable because of its unpleasant physio- 
logical properties. However, there were not enough iodine and iodine com- 
pounds in Germany; hence they were restricted to the use of bismuth 
compounds. The effect of chemicals like mercury and iodine or their 
compounds supposedly was due to amalgamation or reaction with the 
metallic copper. However, the role of bismuth in decreasing cuprene for- 
mation is apparently a controversial issue among the chemists who actually 
worked on the problem ; many believe that it has no real effect except per- 
haps to give a catalyst of superior mechanical properties. Variation of the 
reaction conditions (dilution of formaldehyde, lowering of reaction tem- 
perature) also decreased the formation of cuprene substantially, although 
at the expense of throughput and conversion per pass. 

Experiments furthermore demonstrated that some metals, such as nickel, 
cobalt, chromium, and especially iron, favored the formation of cuprene 
and were therefore not suitable for construction materials. It was for this 
reason, in addition to corrosion resistance, that in production all parts 
carrying liquids are lined or plated with superior alloy steel (V2A, V4A, 
VsA, V17A and others). The reactors or towers subjected to pressure are 
made of iron. 

The other two desired qualities, namely a highly reactive and wear- 
resistant catalyst, were successfully developed. However, even the most 
active catalysts developed appear to be relatively inactive when compared 
to catalysts used in other chemical processes and require long contact times 
(0.33 to 3.5 hours) depending on the recycling system and the percentage 
of unchanged formaldehyde that can be tolerated in the reaction product.® 

The Reppe Butadiene Process 

Most of the butadiene produced in Germany was made by the aldol 
process, which involved the following four steps (see page 8) : 


• tnd. Eng. Chem., 40 , 1176 ( 1948 ). 
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(1) Hydration of acetylene to acetaldehyde. 

(2) Aldol condensation of acetaldehyde to aldol. 

(3) Reduction of aldol to butylene glycol-1,3. 

(4) Dehydration of butylene glycol-1,3 to butadiene. 

2ITC^=CTI 2CH3CHO CH3CHOnCH2CHO 

CH3CIIOHCH2CH2OH 

i 

H2C=CH”~-CH=CH2 -1- 2H2O 

However, when Allied investigators first entered Germany they soon 
heard of another synthesis of this essential diene. This new synthesis, 
usually called the Reppe Process, involved the following steps: 

(1) Formation of butynediol-1 ,4 by the reaction of acetylene and dilute 
formaldehyde solution in the presence of copper acetylide at 4 to 5 atm 
pressure and 100 to ]20°C. 

(2) Hydrogenation of butynediol-1 ,4 at 300 atm and 120®C over a nickel- 
copper catalyst, giving butanediol-1 ,4. 

(3) Dehydration of butanediol-1 ,4 to butadiene, either directly or via 
tetrahydrofuran. 

IICsCH + 2CH20 ->■ HOCHjC^C— CHjOTI HOCIIiCHjCHjCHiOH 

CH2— CH2 ^ I I 

HjO + I „ — Hi,C=CHCH==CHj + 2H5O 

\^tl2 Oil 2 

No/ 

All stages of this synthesis gave good yields, and development of this 
method was apparently encouraged for several reasons : 

(1) Butadiene via butynediol should be as cheap and possibly cheaper 
than by the old four-stage process, if laborator}^ results could be achieved 
in plant-scale operations. 

(2) Only one-half as much acetylene is required as in the four-stage proc- 
ess, the other half of the carbon coming from formaldehyde which, of 
course, was readily available from water gas. Thus, it is claimed that the 
power requirements for producing carbide were halved. 

(3) Butynediol was a versatile raw material from which many other 
valuable chemical intermediates such as tetrahydrofuran, adipic acid, 
adiponitrile, hexamethylene diamine, butyrolactone, etc. could be prepared. 

The chemistry of each of these intermediate products was investigated 
in detail. Even today, after several hundred investigators have searched 
the files of the I. G. Farbenindustrie and interrogated all personnel avail- 
able who had a part in this development, it is doubtful if all the ramifica- 
tions of the chemical industry based on the ethinylation reaction have come 
to light. The many products developed run the gamut of usefulness from 
butadiene for Buna rubber, new solvents, nylon intermediates, medicinals 
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such as sulfadiazine, “Atahrin^’ and ‘Tlasmochin,’^ and finally to a syn- 
thetic blood plasma substitute. 

The industrial exploitation of the ethinylation reaction took place rapidly 
under the pressure of German economic needs, the translation of the first 
pilot plant data from a 300-ton per month pilot plant at Schkopau to a 
2,500-ton per month plant at Ludwigshafen requiring only two years. 

During wartime difficulties caused by untrained personnel, war alerts 
and bomb damage, the yields obtained in the large-scale operations appar- 
ently never quite came up to expectations, and it is problematical whether 
the process (wer produced butadiene at a price economically favorable in 
comparison with the old four-stage process. Regardless of the economic 
merits of the process for the synthesis of butadiene, it cannot be denied 
that the development of the.se novel processes, together with the tremen- 
dously fertile fields opened up by the readily available intermediates, was a 
most interesting and impressive achievement. 

The whole story of the butynediol-butanediol-butadiene process has been 
covered in minut(\st detail by several investigators. To anyone interested 
in the technical and engineering details, the excellent reports of Monrad®, 
Gop(dand and Youker^®, Appleyard and Gartshore^b and Fuller, Weir and 
Zoss^“ are recommended. 

The synthesis of these key intermediates as developed for the prodiudion 
of butadi(me will be discussed in some detail in the following pages. Later 
the chemical reactions of the various intermediate prodiuds will be dis- 
(uissed in a separate chapter. 

Manufacture of Butynediol. Process. A(;etylene and aqueous formal- 
dehyde diluted with recycle liquid to a maximum formaldehyde content of 
about 1 2 per cent are passed co-currently downward over a copper bismuth 
acetylide catalyst on granular silica gel at about 5 atm pressure and 90 to 
J 10°C. The excess acetylene is separated and recycled, as is a part of the 
produed, stream, so that the butynediol concentration in the acpieous reac- 
tion product is about 30 to 33 per cent. The liquid product withdrawn 
from the product stream is distilled to remove methanol (present in formal- 
dehyde feed), unreacted formaldehyde, and propargyl alcohol (as azeotrope 
with water). The formaldehyde and propargyl alcohol are recirculated to 
the reactor. The major reaction product is butynediol as shown by the 
following formulation : 

HCfeCH + 2HCHO -> H0CH2CfeCCH80H 


» PB 4604. 

PB 20078 (FIAT 720). 

11 PB 28556 {BIOS 367). 

12 PB 80334. 
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The reaction, 

HC-CH + CH2O HfeC-CHsOH 

leading to the formation of propargyl alcohol, is largely suppressed by the 
presence of excess formaldehyde and by recycling the aqueous propargyl 
alcohol distillate. 

Converters. The reaction is carried out in a series of vertical steel towers 
of 1.5 m internal diameter and 18 m in height. These towers are built to 
withstand a maximum pressure of 100 atm. The catalyst packing has a 
depth of 16.7 m and a volume of 24 m^. Normally six such converters 
were used in sets of three pairs, but the plant had never been operated as 
designed and was still considered to be in the experimental stage. 

Catalyst. Silica gel (3 to 8 mesh granules, irregularly shaped) in wire bas- 
kets was immersed in the impregnating solution containing copper nitrate 
and bismuth nitrate or citrate in the ratio of 4 parts copper to one part 
bismuth. After immersion for 20 minutes at room temperature, the basket 
is removed, the particles drained and then roasted for 15 to 20 minutes at 
500®C. I'he nitrates arc converted to the oxides; the roasting is con- 
trolled by observing the disappearance of the nitrate ion. llie catalyst is 
now screened to remove fines. It contains approximately 3.2 to 5.5 per 
cent of bismuth and 11.5 to 12.7 per cent of copper. The dry catalyst is 
charged to the converters by a telescoping chute, so arranged that the fall 
of the catalyst is arrested at the lower end of the chute, which is always held 
at one meter above the upper surface of the catalyst bed as it rises. This 
procedure is regarded as essential to give a loose, even filling with minimum 
tendency to channel and minimum resistance to flow. 

The catalyst is developed, i.e., converted, to the active copper acetylide 
on silica gel by flooding the converter with dilute formaldehyde solution 
(4 to 8 per cent) at 60°C, which reduces the cupric oxide to cuprous oxide. 
Acetylene is then gradually introduced, starting with dilute acetylene- 
nitrogen mixtures (10 per cent acetylene). The temperature is held at 
70°C. The cuprous oxide is converted to the copper acetylide, and then 
to the copper acetylide-acetylene addition complex. The acetylene con- 
centration is then increased to 85 per cent, followed by the start of formal- 
dehyde circulation. Over a 3 to 4-day period the whole plant is gradually 
adjusted and brought up to operating conditions. 

A catalyst made in this manner has such high efficiency that it permits a 
substantial decrease in the required pressures when compared with the 
batch process in autoclaves. For example, butynediol-1 , 4 can be obtained 
from acetylene and formaldehyde with a satisfactory rate of reaction using 
only 5 atm pressure instead of 15 to 20. The copper acetylide adheres 
firmly to the siliceous carrier and cannot be rinsed off in practical use. 

The useful life of the catalyst is extremely variable; at best it appears to 
be limited to 2 to 4 months. Cuprene is gradually deposited on the surfaces 
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of the catalyst ; as it builds up the pressure drop gradually increases, then 
rises rapidly, and the reaction must be stopped and the catalyst discharged. 

Feeds, The liquid feed per hour to the first reactor is made up as follows : 

3.8 m® fresh formaldehyde (40 per cent solution containing 1 per cent 
methanol) 

0.3 m® recycled formaldehyde-propargyl alcohol from distillation column 

2.2 m* water 

5.7 m® recycled butynediol solution from separator 

The total feed is 12 m^ containing 10 to 12 per cent of formaldehyde. 
Its pH is adjusted to 4.0 to 5.0 by neutralization of the formic acid with 
sodium bicarbonate. It is preheated to 60 to 70°C, distributed through 
a sparger ring, and then through ring packing over the cross section of the 
converter. As the liquid passes over the catalyst, it reacts exothermally 
(55 kcal/kg mole in vapor phase, 22 kcal/kg mole in liquid phase) with 
the acetylene; the temperature in the reactor is 90 to 110°C. The liquid 
containing about 30 per cent of butynediol and the gas pass to a separator 
at 90®C, then to a cold separator at 30°C. The two liquid streams from 
these separators are combined, pumped through a preheater and pass to 
the second converter operating at 100 to 120°C, which reduces the formal- 
dehyde content from about 5 to 0.5 per cent. After passing to separators 
as before, about half of the liquid product is recycled, as is the disengaged 
gas from the various separators. The remainder of the product goes to the 
distillation system. The feed gas per hour to the first converter is made up 
of 800 m^ of recycle gas and 420 m^ of fresh acetylene. This gives a gas 
containing 85 per cent of acetylene and 15 per cent of nitrogen and inerts. 
About 60 per cent is fed to the top of the converter, the remainder through 
side ports at various positions and in varying amounts to assist in the 
regulation of the temperature. Pressure in the system is from 5 to 5.5 atm. 

The second converter requires only 270 mVhr of fresh acetylene for 
make-up. 

Workup of Product, The 30 to 33 per cent solution of butynediol from 
the hot separator (6 mVhr from 2 converters) contains about 0.1 to 1.0 per 
cent each of methanol, formaldehyde, propargyl alcohol and a small amount 
of non-volatile resinous material. It is fed to a bubble-plate column and 
the above volatile impurities stripped off as an aqueous solution and re- 
worked in a separate column. The bottoms contain about 35 per cent of 
butynediol which contains a small amount of dissolved silica from the 
catalyst support and formic acid. They are neutralized to a pH of from 
7.0 to 7.5 with sodium hydroxide or magnesium oxide, settled and filtered 
in Scheibler filters to give pure butynediol solution. 

Yields^ Throughputs^ etc. The yields of butynediol have been variable 
and apparently not up to expectation based on laboratory results. How- 



ETHINYLATION 


101 


ever, it would appear that yields of at least 90 per cent based on formal- 
dehyde, or 80 per cent on acetylene have been achieved. The space-time 
yield, calculated for two converters in series, is about 1.0 kg of 100 per 
cent butynediol per liter of catalyst per 24-hour day. 

Reduction of Butynediol to Butanediol-1 ,4. The raw 35 per cent aque- 
ous butynediol solution, after being freed of formaldehyde, methanol and 
propargyl alcohol, is hydrogenated in a tower at 70 to 140°C and 300 atm 
pressure over a nickel-copper-manganese catalyst on a siliceous carrier. 
This catalyst is prepared by impregnating the carrier with a solution of the 
metal nitrates, followed by ignition to the oxides at 600°C and by reduc- 
tion at 270°C under 300 atm pressure. The finished catalyst contains 15 
per cent of nickel, 5 per cent of copper and 0.7 per cent of manganese. 

The hydrogenation of the butynediol solution is carried out at 70°C with 
fresh catalyst, but the temperature must gradually be increased to 140°C 
as the catalyst becomes older and less active. The pressure was main- 
tained at 300 atm, not because this pressure was required but because 
higher throughput and longer catalyst life were thus attained. The yield 
of product was 95 per cent of theoretical. The throughput per day was 
approximately four times the catalyst volume. 

The reactions involved in the hydrogenation of butynediol to butane- 
diol are: 


HC CH 

HC CH 


H0CH2C=C— CH 2 OH — H0CH2CH=CHCH20H 


^3Hi 




/ 


CHaCHjCHjCHsOH HOCHjCHsCHiCHO 


H2 


Hj 


> HOCHjCHjCHaCHsOH 


CHa— CHj 


CH, CHa 


+ HaO 


For best results it is essential that the reaction temperature remain 
constant and that the butenediol stage be passed rapidly. If the catalyst 
or solution is slightly acid, the butenediol rearranges to gamma-hydroxy- 
butyraldehyde, which is reduced to butanediol only at a considerably 
higher temperature. A small amount of n-butanol, possibly rising from 
hydrogenolysis of the butenediol, as well as lesser amounts of furan and 
tetrahydrofuran are always formed. 

Conversion of Butanediol and Tetrahydrofuran to Butadiene. Butane- 
diol-1, 4 may be converted to butadiene by the removal of 2 molecules of 



102 


AC^ETYLENE AM) CARBON MONOXIDE CHEMISTRY 


water^^ or by conversion to tetrahydrofuran from which another molecule 
of water is eliminated in a subsequent stage : 


HOCTI.Cqi.CHoCHsOH 


lUO 


i 

Clio - CIl, 
CHo CHo 


— CH2=(UICII=CH, 

-mo 


+ 2HoO 


Investigation proved that th(' dii-ect dehydration could be carried out 
only on pui‘ified l)utanedi()l and not on the acpieous 30 to 35 per (^ent solu- 
tion available from the hydrogcmation stage. Furthermore, even using 
100 per cent butanediol, the catalyst must remove two moles of water per 
mole of butadiene. On the other hand, th(^ conversion to tetrahydrofuran 
is very easy and can be carried out on the acjiieous l)utanediol solution. 
Ultimately, the tetrahydrofuran is isolated without (waj)oration of the 
water cari’ied into the procc^ss from tlu^ acpu^ous formaldehyd(\ The 
isolation of the t(‘trahydi‘ofiu-an also serves as a purific^ation step and 
eliminates the various impurities carried along in th(' process. In the final 
dehydration to butadiene, removal of only one molecule of water per mole- 
cule of butadieiK^ is necessary, thus de(a*easing the load on the catalyst. 
Furthermore, tetrahydrofuran is an extremely valuable solvent and inter- 
mediate, and its availability for these purposes was an added advantages 
for the two-step procedure. 

In connection with the synthesis of butadiene from tetrahydrofuran, it 
is interesting that Ostromislensky in his extensive publications stated that 
the easiest method of preparing butadiene was by the dehydration of tetra- 
hydrofuran^^ However, Ileppe claims that at this time tetrahydrofuran 
was not properly descTibed in the literature and that incorrect physical 
properties were listed. Ostromislensky did not indicate how he had pre- 
pared his supposed teti-ahydrofuran; furthermore, according to Reppe, 
hydrocarbons made hy his proc^ess in 80 per cent yield using aluminum 
oxide (consisted mainly of propylene with only very little butadiene present. 

The removal of 2 moles of water from butanediol to give butadiene caused 
great difficulty in the beginning, and for some time, it was feared that poor 
results in this stage would kill the whole process. Under the optimum 
conditions previously developed for the dehydration of butylene glycol-1 ,3 
using a phosphate catalyst, butanediol-J ,4 gave mainly formaldehyde and 
propylene with only a small yield of butadiene. Experiments with tetra- 
hydrofuran gave similar results. 

1), R. Pat, 678,994; 610,871. 

1' ./, Russ, Phys, Chem, Ges., 47. 1472-94, 1969 (1916); Cenlr., I, 780, 1133 (1916). 
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H0(CH2)4 “> (’H 2 O 4- H 2 O 4- CE,Cn=Clh 


I I CH,>0 4- OH2CH=CHo 

^ 0 / 


Many hundreds of eatalysls were made and evaluated, but the results 
^vere not satisfactory. Work was then resumed on the use of the original 
phosf)hate catalyst. A'ariations in the reaction conditions soon estab- 
lished that the dehydration was in fa(‘t easily carried out in good yields, if, 
in contrast to the dehydration of butylene glyeol-1 ,3, it was carried out in 
two steps. However, complete conversion of the butanediol to butadiene 
was not possible, a major part of the reaction product being tetrahydro- 
furan, which was separated and recycled together with fresh butanediol. 
Apparently, about 20 per cent of the butanediol feed was converted to 
Imtadiene, the rernaindcu’ to tetrahydrofuran. 

It is claimed that this procedure had the advantage of insuring a constant 
redaction tempei*ature in the reactors and also of permitting preheating the 
feed to 330 °C. Yields of 95 per cent were claimed. Catalyst life was 
four weeks ; thi-oughput was 0.4 kg of butadiene per liter of catalyst per day. 
Formation of l.)utylene was not observed; propylene was formed to the 
(‘xtent of 0.15 per cent. 

Catalyst. The catalyst, tinally selected is veiy similar to the phosphate 
catalyst used for the delydration of butylene glycol-1,3. It contains the 
same amount of primary sodium phosphate (45 to 50 per cent) and n- 
butylamine phosphate on a granular graphite carrier. Howevei*, the 
amount of fre(5 phosphoric acid is doubled (13 per cent calculated as sodium 
phosphate). 4'he catalyst is dried at a slightly different temperature so as 
to preserve the micnocrystalline structure. Coarse crystals are less effi- 
cient and have a mucli shorter life. The finished catalyst contains 40 to 
50 per cent total phospliate, of which 00 to 80 per cent was Madrells salt 
(NaPOa), besides sodium pyrophosphate (Na 2 H 2 P 207 ) and free phosphoric 
acid. (For analytit^al methods see Wurzschmitt and Schuhknecht^^) 

Graphite as a carrier was not available in Germany in the quantities re- 
(piired for the butadieru' synthesis. Other catalyst supports such as sili- 
ceous exti’udings were not nearly so effective, and much poorer yields of 
butadiene resulted. However, high-temperature (a>ke, which on the basis 
of x-ray analysis contains preformed graphite nuclei, was a satisfactory 
substitute. Yields were approximately 1 to 2 per cent lower, purity 1 to 1.5 
per cent inferior and life one week less than with the graphite catalysts. 

The catalyst was made by spraying the granular coke with a solution of 
monosodium phosphate-phosphoric acid solution in a heated rotating drum 


Angew. Chem,, 62, 711 (1939). 
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at 100 to 120®C. A part (30 to 50 per cent) of the phosphoric acid was 
neutralized with an organic amine, such as n-butylamine or triethanol- 
amine. Drying was then carried out as follows : 

24 hours at SO-IOO'^C 
16 hours at 130~150°C 
16 hours at 190-200 ®C 
16 hours at 240-250°C 

Preparation of Tetrahydrofuran 

Crude tetrahydrofuran saturated with water was prepared from tech- 
nical butanediol in a 550-ton per month plant at Schkopau by the fol- 
lowing process. The raw 35 per cent aqueous butanediol solution was 
topped to remove the n-butanol formed as a by-product and then passed 
through a series of Wofatit K-ion exchangers to remove cations, particu- 
larly sodium ions present from the alkali used to adjust the pH of the for- 
maldehyde solution. The treated solution containing some free formic acid 
was then blended with approximately 0.05 to 0.10 per cent of phosphoric 
acid so that the pH was 2.0, and pumped through preheaters to the base of 
three pressure towers in series. These towers were 800 mm in diameter 
and 18 m tall, and were equipped with electric heating jackets. Impurities 
such as butynediol, butenediol, and hydroxybutyraldehyde in the butane- 
diol solution apparently produce resins melting above 80°C, most of which 
separate in the towers and can be drawn off through small heated separa- 
tors. The reaction products are cooled to about 130®C in heat exchangers 
which supply heat to the preheaters and are finally expanded into a column. 
The heat content is still ample to flash off practically all the tetrahydro- 
furan. Still bottoms containing approximately 5 to 6 per cent of unre- 
acted butanediol are filtered through sawdust to remove resinous material 
and pass to a fourth pressure column for further treatment. 

The raw tetrahydrofuran is purified by refractionation in two addition 
columns. The overhead is an azeotrope containing 94 per cent of tetra- 
hydrofuran and 6 per cent of water, (b.p. 64®C) and is pumped to the 
butadiene plant, or stored for further processing if it is to be used as a 
solvent or intermediate. 

The dehydration of butanediol to tetrahydrofuran: 

CH2— CHj* 

HOCH,CH,CHsCH,OH -»• + H,0 

\o/ 

takes place under the above conditions at 260 to 280®C and a pressure of 
90 to 100 atm. The reaction is homogeneous in the liquid phase and only 
3.2 kcal per g mole are released. The throughput is 4 tons of tetrahydro- 
uran per day per m* of reactor volume. Yields of 99 per cent are claimed. 
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Preparation of Propargyl Alcohol 

As previously indicated, it is believed that in the reaction of acetylene 
with formaldehyde, propargyl alcohol is the initial reaction product : 

HfeCH + CH2O HfeCCHaOH 

However, propargyl alcohol still contains a methine hydrogen and can un- 
dergo reaction with a second molecule of formaldehyde to give butynediol. 

The relative yields of propargyl alcohol and butynediol are governed in 
large measure by the time of reaction, the temperature, the pressure, and 
concentration of acetylene. Usually the butynediol is formed in approxi- 
mately 92 per cent yields with only 5 to 6 per cent of propargyl alcohol. 
Although propargyl alcohol can be isolated as its azeotrope with water 
from the forerun when butynediol solutions from the butynediol reactors 
are distilled, this forerun — which also contains some methanol and formal- 
dehyde — ^was normally recycled. 

A pilot plant study of a process for the production of propargyl alcohol 
had been started, but the invasion of Germany by the Allies forced the dis- 
mantling of the equipment, which was shipped to Gendorf but never re- 
assembled. 

Batch Experiments, Obviously, to favor propargyl alcohol formation 
at the expense of butynediol, the acetylene concentration should be in- 
creased. Batch experiments directed toward increasing acetylene concen- 
tration by the use of a solvent for the acetylene were successful. For 
example, 5 grams of cuprous acetylide (prepared in the usual manner from 
cuprous chloride and acetylene) were added to 100 cc of a 15 per cent for- 
maldehyde solution in tetrahydrofuran. Acetylene under 15 atm pressure 
was passed in at 100°C. About 90 per cent of the formaldehyde reacted, 
yielding up to 80 per cent of propargyl alcohol and 20 per cent of butynediol. 

Other solvents for acetylene, such as methanol and acetone, have been 
used also, but tetrahydrofuran was preferred. 

Continuous Reaction in a Tower. The usual butynediol-copper acetylide 
on silica catalyst has been used for the production of propargyl alcohol in a 
tube of 35 mm inner diameter and 3 m length at 100°C and 15 atm pressure. 
A 10 per cent formaldehyde solution in tetrahydrofuran (prepared by 
diluting the usual 30 per cent formaldehyde) was fed at a rate of 100 to 500 
cc/hr/liter of catalyst concurrently with pure acetylene at such a rate that 
the pressure was maintained at 15 atm. Reaction of the formaldehyde was 
essentially complete. About 75 to 90 per cent of the reacting formalde- 
hyde was ethinylated to a mixture containing approximately 80 per cent of 
propargyl alcohol and 20 per cent of butynediol. 

The rate of the reaction and the distribution of the products depends 
largely on the pH — the lower the pH, the slower the reaction ; but the rate 
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of biitynediol formation is reduced to a greater extent than is propargyl 
alcohol formation. The pH is adjusted to about 3.0 by the addition of sul- 
furic acid. Measurements of pH were made using a glass electrode which, 
of course, in this system gave relative rather than absolute values. 

The crude product is purified by distillation. At first the tetrahydro- 
furan-water azeotrope is removed with t races of acetals and formaldehyde. 
Then at 00 to 100 mm the water-propargyl alcohol azeotrope can be re- 
moved. From t he azeotrope, pure propargyl al(*ohol can be isolated by the 
following scheme. 

Isolation of Anhydrous Propargyl Alcohol. The propargyl alcohol-water 
azeotrope boils at 9r)°C and has an approximate composit ion of 65 per cent^ 
of water and 35 per cent of propargyl alcohol. Initially, attempts to de- 
liydrate this azeotrope by azeotropic distillation of t he water with benzene, 
(lecalin, dioxane, and similar liquids were not succ^essful. However, 2,5- 
dim(^thyltctrahydrofuran, boiling at 90 to 92''/7()() mm, forms with water a 
heterogeneous azeotrope, boiling at 78"’/76() mm. This azeotrope has a 
composition of approximately 13 per cent of water and 87 per cent of 2,5- 
dimethyltetrahydrofuran. The upper phase, the dimethyltetrahydrofuran 
layer, contains about 1 ,5 per cent of water, while the lower aqueous phase 
(*ontairis approximately 5 per cent of dimethyltetrahydrofuran. 

During thc^ heating period required to remove the water with the en- 
trainer, the propargyl alcohol should be protected against decomposition 
induced by the alkali present in glass by the addition of 1 to 2 per cent of 
succinic acid, or other non-volatile carboxylic acid. After removing the 
dimethyltetrahydrofuran, distillation of the residue at 80 to 100 mm pres- 
sure gave a forerun containing small penmen tages of water, and finally 99 
to 99.8 per cent propargyl alcohol. 

The use of dimethyltetrahydrofuran for the dehydration of the 3-butyn- 
2-ol-water azeotrope (b.p, 92/760 mm) was also effective. 

Analytical Determination of Propargyl Alcohol. An analytical method 
for determining pi’opargyl alcohol may be l)ased upon the reactivity of 
the triple bond, or upon the reaction of the methine hydrogen with metallic 
ions to give insoluble precipitates. Determination of the triple bond by an 
addition reaction, for instance with bromine, is not satisfactory because the 
addition of the halogen takes pla(*e too slowly. Therefore, it was decided 
to base the determination on the precipitation of heavy-metal salts. Titra- 
tion of the propargyl alcohol with an ammoniacal solution of cuprous salt 
gave unreliable results, especially with dilute solutions. 

Preliminary tests showed that propargyl alcohol gives a white crys- 
talline pre(npitate with silver nitrate in the presence of sodium ace- 
tat(\ Two moles of silver nitrate are required for each mole of propargyl 
alcohol. It is assumed that the precipitate has the composition 
Ag-~-C=C — CHaOHAgNOs, since acetylene gives a precipitate with silver 
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nilmir wliicli lias i\w (‘oniposition AgNO^. Based upon iliis oh-^ 

servation, a- volumotrie melljod was tried which, in principle, is very much 
lik(‘ the Volhard dettM-inination of chlorine. The results checked very well, 
so full attention was given to this reaction. It is naturally assumed that 
no other compound which is capable of reac'ting with silver ions must be 
present. 

Promiiirc. The dcherminathm can })e carried out by weighing a 1-gram 
sample of propargyl alcohol and diluting it with watei* to a 500 c(^ volume; 
25 cc of this solution are now placed in a 100-cc measuring flask and mixed 
with I cc of sodium acetate solution, prepared by dissolving one part of 
sodium a(*('tate in two parts of water. To this, 25 cc of 0.1 N AgNOs 
solution are added and th(‘ flask shakcui well. (The AgNOa solution should 
be added (*autiously ))y running slowl}' down the walls of the flask and not 
directly into the liciuid, to avoid formation of foam.) The measuring 
flask is fllled to the lOO-cc mark with water, shaken well and filt(‘red into a 
dry flask. The first 10 cc are disc^arded, just as it is done in the Volhard 
chlorine determination; 50 cc of the filtrate are now mixed with 3 cc of 
ferrous ammonium sulfate, acidified with HNOs, and the surplus of AgNOs 
is back-titrated with 0.1 N ammonium thiocyanate solution. The percent- 
age of propargyl alcohol is then calculated from the formula 

28 X VAgN O, X Vol ^ ^ 

100 X E X a “■ 

28 = half the molecular weight of propargyl alcohol 
FAgNoa = consumption of O.lA'AgXOs 

Vol = volume to which the weighed sample has been diluted (in this case 
500 cc) 

E = weight, of th(‘ sample 
a — (piantity of solution to be titrated 

A blank should be run on the sodium acetate solution. Usually, the 
amount of silver nitrate solution con.sumed is so small that it may be 
neglected. 

liesulis. Solutions of different concentration were prepared by diluting 
99 per cent propargyl alcohol. 

1.98% Solution: 12.270 g diluted to 200 cc; 25 cc used for titration and consumed 
10.80 cc of O.IV AgNO:}. Found 1,97%. 

^8.9% Solution: (1) 3.472 g diluted to 500 cc; 25 cc used for titration, which 
consumed 17.88 and 17.96 cc of O.IAT AgNOs. Found 28.84% and 28.97%. (2) 

4.612 g diluted to 500 cc; 25 cc used for titration, which consumed 23.20 cc of 
O.IN AgNOs. Found 28.18%. 

6841% Solution: 1 .775 g diluted to 500 cc; 25 cc used for titration and consumed 
16.92 cc of O.IN AgNOa. F'ound 53.38%. 

0.99% Propargyl Alcohol: 1.917 g diluted to 1000 cc; 25 cc used for titration, 
which consumed 16.86, 16.78, 16.80 cc of O.IN AgNOs. Found 98.51%, 98.04% 
and 98.16%. 
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These results show that the new analytical method gives perfectly reliable 
results for concentrated and diluted solutions of propargyl alcohol. Tech- 
nical solutions of propargyl alcohol, such as from butynediol plants, can 
also be analyzed successfully. 

Ethinylation of Ketones 

2-Methyl Butyne-3-ol-2 

Since Merling’s synthesis, 2-methyl butyne-3-ol-2, has been the focal 
point of many efforts to synthesize isoprene by the reaction scheme : 

Hi 


CH2=C— CH==CH2 
CPIs 

However, the use of sodium, or of sodium amide, required in Merling’s 
synthesis, limited the possible application of this procedure on a large 
technical scale. 

A successful technical synthesis appeared to be at hand in 1937 when 
Reppe first showed that aldehydes condensed with acetylene in aqueous 
solution under pressure in the presence of heavy-metal acetylides as 
catalysts. Although this reaction gave good yields with nearly all alde- 
hydes, it soon proved of little value for the addition of acetylene to the 
carbonyl group of ketones. However, during a study of the reaction of 
ketones with acetylene under pressure, the catalytic influence of hydroxyl 
ions was found to be very pronounced, and it was shown that under their 
influence ketones such as acetone combine reversibly with acetylene : 

(CH3)2C==0 + HC=CH ±==zzz:; (CH8)2C— CfeCH 

I 

OH 

The equilibrium depends upon the concentration of the reacting com- 
ponents. W ith acetylene at atmospheric pressure, the equilibrium is almost 
completely in favor of dissociation, but at 20 atm acetylene pressure, ap- 
proximately 15 per cent of methyl butynol is formed. The rate of the 
reaction increases with higher hydroxyl ion concentrations and with in- 
creasing temperatures, but the yield is reduced because of condensaton 
reactions of the acetone leading to mesityl oxide, phorone, etc. With a 
5 per cent aqueous sodium hydroxide solution at 95 to 100®C, equilibrium 


CHa CHa 

\ I 

C=0 -h HC=Cn CH3— C— C=CH 

/ I 

CHs OH 

CH3 

I 

CHa— C— CH=CH2 — 

I 

OH 
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is obtained in 8 to 10 hours without appreciable loss of acetone by side 
reactions. The reaction product may be separated outside the reaction 
chamber and the reactants recycled with fresh acetylene. 

On the basis of these observations, a pilot plant was built which supplied 
large quantities of methyl butynol in a continuous run for many months. 

Approximately 5 liters of acetone and 2.25 liters of 5 per cent caustic 
potash solution per hour are introduced into a stirred reactor containing 
80 liters of the liquid reaction mixture. The bottom of the reactor is 
ecjuipped with a Hocsch stirrer running at 1400 rpm, which effects thorough 
mixing of the liquid with an acetylene-nitrogen mixture. The acetylene 
content of the entering gas is about 80 per cent, and the total pressure should 
be 20 to 24 atm. Four to 5 atm of acetylene must be added per hour and 
0.5 to 1.0 atm of nitrogen every 14 to 15 hours. The temperature of the 
reactor is held at 95 to 98°C with steam. 

The liquid reaction product is continuously expanded to a cooler, and the 
caustic neutralized with carbon dioxide to prevent dissociation of the 
methyl butynol during the separation from unreacted acetone, which is con- 
tinuously flashed off. The methyl butynol is then distilled from the aque- 
ous solution as an azeotrope consisting of 74 per cent of methyl butynol 
and 20 per cent of water, boiling at 90°C. The aqueous residue contains 
mesityl oxide, phorone and 2, 5-dime thyl-2,5-dihydroxyhexyne-3. The 
ratio of the acetylenic alcohol to the diol is about 7 to 10/1. 

Approximately 18 kg of the constant-boiling solution, or only about one- 
seventh of the reactor volume, w'^ere obtained per day. The space-time 
yield is therefore very poor. Attempts to improve this space-time yield 
by the use of other catal3^sts w^ere unsuccessful. It was believed that im- 
proved mixing of the liquid and gas could be secured by changes in designs 
of the reactor. Preliminary experiments were satisfactory, and it was 
claimed that the space-time yield was improved several times so that the 
reactor would produce its own volume of product per day. 

In this connection, it should be noted that Zeltner and Genas^® and 
later Weizmann^^ have claimed that the reaction of acetylene with acetone 
takes place rapidly at — 10 to — 15°C with almost quantitative yields if the 
reaction is carried out in an acetal as a solvent, and in the presence of a 
catalyst consisting of the complex formed from potassium hydroxide and 
the acetal. This method would appear to be superior to Reppe's procedure 
for the ethinylation of ketones. 

Methyl butynol can be separated from its constant-boiling mixture with 
water by the addition of potassium carbonate. The anhydrous chemical 
boils at 103 to 104°C. 

It is claimed that methyl butynol is the best solvent known for poly- 

1® Brit. Pat. 5U,221; U. S. Pat. 846,170. 

Brit. Pat. 678,687; 680,981. 
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amides. A 10 }x*r cent solution of Lupamid No. 0040 in 74 per cent aqueous 
methyl hulynol remains clear for 7 days at roon\ lemperatiire, in contrast 
to a 10 per cent solution in the usual solvent, 90 per cent aqueous methapol, 
which solidifies after 2 hours. 

Kthinylation of Amines 

Propargyl Amines 

Mannich and C'hang^^ showed that substituted propargyl amines could 
be obtained in good yields by heating a phenyl or phenyl-substituted 
acetylene with formaldehyde and a secondary aliphatic* amine in dioxane 
solution at 100°C: 


R It 

\ / 

ltc=cn + Cfl,() + Nil RC=C— CIRN -{- IToO 

/ \ 

R R 

J^ater Coffman^^ prepared alplia-dialkylaminomethyl-beta-vinyl acetylene 
by heating a dioxane solution of vinyl acetylene, pai'aformaldchyde, and a 
se(*ondary amine at 100°C for 14 to 17 hours: 

(:H2=-CHfeCH + CH 2 O 4- RsNH -> feC CIRNoR + IhO 

Tliis process, however, cannot be used with acetylene itself because^ the 
methine hydrogens are not sufficiently reactive, even under pressure, to 
react with the labile hydroxyl group of the initially formed methylolamine. 
Presumably, phenyl acetylene and vinyl acetylene are more reactive than 
acetylene because of the activating influence of the phenyl and vinyl groups. 

In the presence of copper acetylide as a catalyst, the methine hydrogens 
of acetylene become activated and react readily, even at room temperature.-’^ 
For instance, dimethyl methylolamine (from dimethylamine and formal- 
dediyde) reacts with acetylene to give a 70 per cent yield of 3-dimethylamino 
propyne-1, together with about 10 per cent of 1 ,4-tetramethyldiamino- 
butyne-2 ; 

(CHOjNH 4- CHoO (CHaf^NCHoOH (CH3)2NCH.2C^CH 

i 

(CH,)jNCH.C=CCH5N(CH3)2 

822 parts of glacial acetic acid are added to 450 parts of 50 per cent aqueous 
dimethylamine while stirring and cooling between 10 and 20°C. The 
resulting solution is charged with a solution of 40 parts of copper acetate 
in 972 parts of 40 per cent formaldehyde into an autoclave. Five atm of 

» Ber., 66, 418-20 (1933). 

J. Am. Chem. Soc., 67, 1978 (1935). 

‘I* Fr. Pal. 8S9,87B; D. R. Pal. 7S4,7S9; U. S. Pat. iJl7S,Ht. 
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nitrogen and 10 atm of acetylene are pressed in and the reaction mixture 
stirred at 40°C until no further decrease in pressure takes place. The 
acetylene used is replenished from time to time. After from 10 to 20 hours, 
the absorption of acetylene is completed. The copper salts are filtered olf 
and the filtrate neutralized with sodium hydroxide solution while cooling. 
The organic layer is separated and the aqueous layer extracted exhaustively 
with ether. Aft('r distilling off the ether, the residue is combined with the 
separated organic layer, dried and distilled. The dimeth 3 daminopropyne-l 
boils at 79 to 80°(' and the tetramethyldiaminobutyne-2 at ISO^'C. 

Methylolamines derived from saturated alipliatic, alicyclic, saturated 
monocyclic, heterocyclic, alkyl aiyl amines, and aldehydes oi* ketones are 
slated to be suitable compounds. 

Kthinylation of methylolamines takes place not only with acetylene but 
with its derivatives and substitution products, provided at least one methine 
hydrogen atom is present. The reactions ordinarily take place in liquid 
phase at room temperature, although in some cases moderate heating to 
50 to 60 °C is required. Pressure also increases the reactivit}^ 

An interesting application of two distinct types of ethinylation is the syn- 
thesis of l-diethylaminopentanol-4, an intermediate required in the 
synthesis of the highly important and necessary anlimalarials “Plasrnochin” 
and “Atabrin”: 


-h HC=C:iI 


CH 30 HC=CH 

OH 


(Cai>).;NC H.>01i 


1 

on 





OH 

Using copper acetylide or copper butynolide catalysts in the presence of 
acetic acid, yields approaching theoretical are claimed. 

Of special interest was the reaction of methylolamides, c.y., dimethylol 
urea with acetylene under pressure in methanol in the presence of copper 
acetylide. Water is eliminated and a labile hydroxyl group of tluj di- 
niethylol urea is replaced l>y an ethine group. ^ Tli(‘ subsequent reactions 
are not as yet elucidated, but apparently polymerization takes place, with a 
significant increase in the hardening point of the resin. Such products 
have found application in the resin field as hardening agents for the 
'‘Luphen” plasties (plasticized phenolformaldehyde resin Dimethylol 

21 D, R, Pat, 7S0M8; U. S. Fat. 2,316 
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urea, 302 parts, 1280 parts of methanol and 7 parts of cuprous chloride are 
treated in an autoclave at 20 to 30®C with a mixture of equal parts of nitro- 
gen and acetylene under a pressure of 20 atm. After 20 to 24 hours, one 
molecular proportion of acetylene has been absorbed and the reaction is 
completed. The reaction mixture is filtered and the methanol distilled 
off under reduced pressure (25 to 50 mm) and 30 to 50°C pot temperature. 
There is obtained 270 to 300 parts of a highly elastic resin, which may be 
dissolved in ethylene glycol monomethyl or monoethyl ether. After evapo- 
ration of the solvent, a hard insoluble product is obtained after af)out 
1§ days. 


Aniinobut 3 mes from Acetylene and Amines 

Amines are known to react with acetylene under the catalytic effect of 
alkalies, alkaline earths, zinc and cadmium salts to yield complex products 
which have not been well characterized for the most part. 

However, under the influence of heavy-metal acetylides, particularly cop- 
per acetylide, acetylene reacts with amines under pressure to give amino- 
butynes 


Ri 

\ 

NH + HCsCH > 

/ 

lit 

Ri 

\ 

N— CH==CHt 

/ 

1^2 


CII 3 

I 

^ N— C— C=CH 

/ H 
H2 



The structure of the reaction product was established by the two inde- 
pendent syntheses of 3-dimethylaminobutyne-P^ : 

H 

(1) CH3C=0 4- HN(CH3)2 > 

^ HC=CH ^ 

CH,— C— OH U CHa— C— C=CH -f H 2 O 

I I 

N(CH,), N(CHi,)2 



(2) HC^CH + HN(CHs)j > CHt=CHN(CH,)2 


The syntheses of 3-aminobutyne derivatives by the ethinylation of amines 
appears to be general for primary and secondary aliphatic, aralkyl and 

*» D. R. Pat. U. S. Pat. Fr. Pat. 846,476. 

*• D. R. Pat. 784,760. 
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heterocyclic amines. Polyfunctional amines may react at more than one 
amino group. Thus, hexamethylene diamine gives N,N'-bis-3-butynyl- 
1 , 6-diaminohexane : 

NH,(CH2),NH, + 4HC=CH > HC=C— C;H— NHCCH^l^NHCH— (;=CH 

I I 

CH, CHa 

Improvements in the ethinylation process which overcame initial diffi- 
culties are claimed when the amines used are partially converted to their 
salts with mineral acids. The ethinylation of a primary aromatic amine 
may be carried out as follows : 

Production of S-Phenyl-aminobutyne-l. The reaction of aniline with 
acetylene is advantageously done in benzene solutions. If tetrahydrofuran 
is used as the solvent, better yields are obtained, but some phen 3 d-pyrroli- 
dine is generated, which is hard to separate from the phenyl-aminobutyne. 

The reaction mixture charged to a 100-liter autoclave is as follows : 

40 liters benzene 

9300 g. aniline 

copper acetylide paste made from 274 g. CuS04-5H20 

The autoclave is partially evacuated and the copper acetylide paste, 
mixed with benzene, is drawn in. Aniline and benzene are charged in the 
same way. The intake pipe is shut off and air is removed by pressing 30 to 
50 atm of nitrogen three times into the vessel and expanding it. Finally, 
8 atm of nitrogen pressure are charged into the autoclave, and acetylene 
is added until the total pressure mounts to 20 atm. The autoclave is 
now stirred and acetylene is rapidly absorbed, the pressure decreasing. 
Acetylene is replaced periodically until no further pressure drop occurs. 
The autoclave is then heated with steam at 1.8 to 1.9 atm, the temperature 
inside rising to 125 to 130°C within 2 to 3 hours. If during the heating 
period the pressure rises above 25 atm, it is cautiously lowered to 20 atm 
without stirring. The pressure decreases during heating ; usually no further 
pressure drop is observed after 10 to 20 hours. Heating is stopped and the 
autoclave is cooled with water while stirring. When a temperature of 30 
to 25°C has been reached, fresh copper acetylide is fed to the autoclave 
(made from 274 g of CuS04*5H20). The intake pipe is washed clean with 
benzene, and the reaction between aniline and acetylene is carried out again 
just as described above. 

The autoclave is again cooled after no further pressure decrease occurs 
at 125 to 130*^0. The stirrer is stopped and the product is discharged from 
the autoclave under 3 to 4 atm of nitrogen pressure. The catalyst is re- 
moved by filtration and destroyed with hydrochloric acid. The reaction 
product is further processed as follows: 

The filtered yellow solution is (iharged to a still and 35 to 38 liters of 
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benzene distilled off on a steam bath; the residue is fed to an enamel-lined 
kettle in which it is distilled in vacuo. First runnings consist of a little 
benzene, then between 80-110°/20 mm unreacted aniline, and finally at 
110 to 130°/2 mm; the phenylaminobutyne distills and frequently crystal- 
lizes. The pure chemical is obtained by redistillation in glass flasks. 



Appendix to Chapter III 

The various ethinylation products with such physical data as are knovai are 
collected in this appendix. 


Ethinylation Products 


(1) Reaction Products from Aldehydes and Ketones with Acetylene and Substituted 
Acetylenes 
(a) With Acetylene 


Propargyl alcohol 

HfeC-CHiOII 

Butyne-2-diol-l,4 

HOHoC-Ci^C-CHsOH 

Butyne-3-ol-2 

H3C-~CH-C^CH 


rc) 

b.p. 1137755 mm 
“ 105-10871 mm 
“ 1097755 mm 


on 

Hexyne-3-diol-2 ,5(1, 4-dimethyl-butyne-2-diol-l , 4) 
H3C—CH— c;^c— CH— CH3 


95-9771-2 mm 


OH OH 

2-Methyl -butyne-3-ol-2 
CH3 


103-1047760 mm 


HaC-C-C^CH 

I 

OH 


2,5-Dimethylhexyne-3-diol-2,5 (1,1,4,4-tetra- m,p.95° 

methylbutyne-2-diol-l,4) b.p. 95-10071-2 mm 

CH3 CHs 

I I 

H,C— C-C2=C-C— CH, 

I I 

OH OH 

n-Hexyne-5-ol-4 “ 145-1467755 mm 

H3C-(CH2)2— CH— feCH 

OH 

n-Decyne-5-diol-4,7 (1,4-Di-n- propyBbutyne-2- “ 107-11072 mm 

diol-1,4) 

H3C-(CH2)2-CH-C^C— CH— (CH2)2— CH3 

I I 

OH OH 

n-Nonyne-8-ol-7 “ 63-6472 mm 

HaC— (CH2 )s-CH— C feCH 

I 

OH 
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n-Hexadecyne-8-diol-7,10 (1,4-Di-n-hexyl-butyne- “ 

2.diol-l,4) 

H9C-(CH:),-CII-CsC-CH-(CH2)6 

I I I 

OH OH CH, 

n-Tetradecyue-13-ol-12 “ 

HaC-CCHOio-CH-feCII 

I 

OH 

n-Hexen-2-yue-5-ol-4 “ 

H 3 C— CH=CH~CH--CheCH 

OH 

n-Decadieri-2,8-yiie-5-diol-4,7 (1,4-Di-n-propenyl- “ 

butyne-2-diol-l,4) 

IHC-CH-=CII— CH— C^C— CH-CH=CH— CHs 

I I 

OH OH 

l-Pheny l-prop yno-2-ol-l (phenyl propargyl alcohol) 

CH— C^CH 

OH 

(b) With Substituted Acetylenes 
Penten-l-yne-3-ol-5 ‘‘ 

H2C==CH— C^C-CHoOH 

Butyn-2-ol-4 “ 

HaC-C^C— CH 2 OH 

Hexen-l-yne-3-ol-5 “ 

H2C=CII— C^C— CHOH— CH3 

( 2 ) Reaction Products of Alkanol Amines and Acetylene 
Diinethylamino-l-propyne-2 b.p. 

(HsC)aN— CHr- feCH 

Tetramethyldi amino -1 , 4-butyne-2 ‘ ‘ 

(tetramethyldiaminodimethyl acetylene) 

(HaOaN— CHa-feC-CHa—N (CHj) 2 
Di-w-butylamino-l-propyne-2 
(C4H,)iN-CIl2feCH 

Tetra-n-butyl-diamino-1 , 4-butyne-2 ‘ ‘ 

(C 4 Hfl),N-CH,~feC-CH 2 -N (04X19)2 

Dimethylamino-4-n-hexyne-5 ‘ ‘ 

(CH3)2N— CH— C^CH 


170-17271 mm 

182-18871 mm 

153-1547760 mm 

103-10571 mm 

02-9372 mm 

35-3671 mm 

117-1207755 mm 
57-6O71O mm 

79-817760 mm 
178-1807760 mm 

87-89719 mm 
133-13571 mm 


135-1367755 



ETHINYLATION 


117 


Dimethylamino-2-butyne-3 “ 95-967755 mm 

(CH,)sN-CH-feCH 

I 

Oils 

Dimethylamino-l -phenyl -l-propyne-2 “ 59-60°/! 

(CH,)2N— CH-teCH 



Dimethylainino-2-niethyl-2-butyne-3 m.p. 95-97° 

TisC cm 

\ / 

N 


HsC— C— CsCH 


CH3 

(3) Reaction Product of Aliphatic, Cycloaliphatic and Aralkyl Amines and Acet' 
ylene 

Dimethylamino-2-butyuc-3 b.p. 95-96V755 mm 

Dicthylamino-2-butyne-3 “ 127-128° 

m.p. + 10° 

n*Butylamino-2-butyne-3 b.p. 147-149°/755 mm 

Benzylamino-2-butyne-3 “ 60-62°/! mm 

Piperidino-2-butyne-3 58-59°/12.5 mni 

Cyclohexylamino-2-butyue-3 “ 58-60°/4.5 mm 

(4) Reaction Products of Aromatic Amines and Acetylene 
(a) Direct Reaction Products 


Name 

2-Phenylamiiio- 

butyne-3 



CC) 

m.p. +74° 
b.p. 110-112°/ 
15 mm 


nz>20 




2-(N-Methyl)- 

phenylamino- 

butyae-3 


HC 



b.p. 110-113/ 

10 mm 

‘‘ 116°/15 mm 


1,5496 0,9970 


CHs 
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2-(N-Ethyl)- 

HC 

120-1227 

phenylamino- 

\ 

15 mm 

butyne-3 

9 



\y\ 

N 


C^Hs 


(b) Isomerization Products 


2-Phenylamino- 

butadiene-1,3 


H2C 

\ 

9H 


V\/ 

N 


C=CH, 


I 

H 


b.p. 112-1157 

10 mm. 


(1,6039) 


2.(N-Methyl). 

phenylamino- 

butadiene-1,3 


2-(N-Ethyl)- 

phenylarnino- 

butadiene-1,3 


H2C 

/\ CH 


v\ / 

N 

I 

CH, 


C=CH, 


b.p. 120-1237 1,6917 

10 mm 


H2C b.p. 120-1257 1,5952 

10 mm 

f/\ CH 

C=CH, 

V\ / 

N 


(0,9958) 


1,0028 


1,024 



Chapter IV 

Reactions of Products Derived from the Ethinylation 

Reaction 

Introduction 

The development of the ethinylation reaction made available for the 
first time commercial quantities of acetylenic alcohols, acetylenic glycols, 
aminopropynes and aminobutynes. The reactions of these classes of 
organic compounds were investigated on a very broad basis by German 
chemists, with the result that many new and interesting routes to the syn- 
thesis of both old and new compounds were developed. Possibly many of 
these methods never again will attain any commercial significance; some 
undoubtedly will in time find a place in the chemical industry of countries 
other than Germany. In any event, these studies represent valuable addi- 
tions to our knowledge of the chemistry of the above-mentioned classes of 
organic compounds and will be discussed in some detail. Several charts 
at the close of this chapter depict a number of the more important types of 
reactions for the various acetylenic derivatives. 

Reactions of Acetylenic Alcohols 


Hydrogenation 

Hydrogenation of Propargyl Alcohol. The hydrogenation of propargyl 
alcohol is an interesting example of selective catalysis. Depending on the 
catalyst used and the reaction conditions (mainly pH), it is possible to 
produce practically without by-products either allyl alcohol, propionalde- 
hyde, n-propyl alcohol, or acrolein. 


HC=CHCH20H H2C=CHCH20H 



T 

CH2=CHCH0 

i 


CH 3 CH 2 CHO 



CH 3 CH 2 CH 20 H 


Reduction to Allyl Alcohol. The reduction of propargyl alcohol at low 
pressure, at 120 to 130°C over a metallic palladium catalyst mixed with 
iron and precipitated on a siliceous carrier having an alkaline reaction gave 
allyl alcohol. 
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Reduction to PropionaldehydcK The hydrogenation of propargyl alcohol 
at low pressures using the same catalyst as above, except that the carrier 
had an acid reaction, at a slightly lower reaction temperature (100 to 105°C) 
gave practically pure propionaldehyde. Presumably, the all^d alcohol 
initially formed rearranges to propionaldehyde before it is hydiogenated 
to /^-propanol, while the propionaldehyde is not further reduced under the 
reaction conditions. 

The following catalyst proved satisfactory: o g of palladium chloride ai*e 
dissolved in 200 g of water and mixed with 500 g of diat oniac(H)us earth 
(containing 3 per cent iron, 1.7 per cent SO i). The put ty is dried and the 
powder shaped to tablets which are treated with hydrogen at 200°C. 

Then, 100 cc of this catalyst are contacted at 105°C\ with 40 liters of 
hydrogen per hour and 50 g of a mixture of 70 per cent of propargyl alcohol 
with 30 per cent of water in the presence of traces of acid. The vai)ors arc 
condensed and the propionaldehyde is isolated by distillation. More than 
90 per cent of the propargyl alcohol could })e coin^rted and 95 per cent 
yields of propionaldehyde were obtaincid. 

Reduction to n- Propanol. Perhydrogenation of propargyl alcohol to //- 
propanol can be effected with all efficient hydrogenation catalysts such as 
precious metals, nickel, chromium, and copper, or their mixtures. 

Isomerization to Acrolein. Propargyl alcohol ovei* (topper catalysts 
rearranges to acrolein according to statements in Reppe's manuscript; no 
details are available on the reaction conditions used to effect this isomeriza- 
tion. On the other hand, it is reported that propargyl alcohol when passed 
over a copper silica gel catalyst, decomposed (piantitatively to acetyleiKt 
and formaldehyde.^ 

Hydrogenation of Butynol. The hydrogenation of biitynol (butyn(i-3- 
ol-2) is very similar to that of propargyl alcohol. Reduction with all the 
usual metallic catalysts gives secondary butanol; partial hydrc^genation 
with iron catalysts gives methyl vinyl carbinol in poor yields. (No reaction 
takes place at low pressure.) Partial hydrogenation (;an be carried out 
however just as in the reduction of propargyl alcohol to allyl alcohol, using 
the same palladium-iron catalyst on an alkaline diatomaceous earth.^ In 
addition, it is advisable to carry out the reduction in dilute solution to avoid 
side reactions or rearrangements such as: 

H 

CBzC—C^Cn CH3CCH=CH2 CIIsCCHsCHs 

I II II 

OH O O 

An aqueouK solution of 250 to 300 g of hutyne-3-ol-2 per hour and the 

» D.R.Pal. 717, m. 

> PB L73716, Frames 6270-3. 

’ I. O. Farbenindustrie patent proposal 0,Z.-t!S,897. 
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required quantity of preheated hydrogen is passed through a preheater 
which is kept at 200® C and fed to the reactor which is held at 200 to 250° C. 
The products of the reaction are continuously distilled and the hydrogen is 
recycled. Spent hydrogen is continuously replaced ; a cycle of 4 to 5 times 
theoretically required quantity of hydrogen is necessary in the small re- 
actors for the conversion of the butyne-3-ol-2. In the 9-liter reactor a 
(‘ycle of 8 to 12 times the theoretical quantity was needed to carry off the 
33 calories of heat of reaction. The course of the reaction is to a large ex- 
tent independent of temperature^ ; formation of secondary butanol between 
150 and 300°C was not observed in any case. A mixture of 98 per cent 
methyl vinyl carbinol and 2 per cent butynol which was obtained in one 
cyeile was recharged to the reactor under the same conditions. Methyl 
vinyl carbinol remainerl unchanged and only the butynol was partly hydro- 
genated. 

The concenti’ation of the butynol solution should not exceed 25 per cent 
to avoid formation of substantial quantities of high-boiling unsaturated 
ketone oils (boiling point 100 to 340°C, molecular weight 100 to 240) and to 
check dehydration to vinyl acetylene and butadiene. 

If the temperature of the reaction is kept below 200°C, slightly more than 
1 per cent of unreacted butynol will remain. The life of the catalyst 
was ten weeks. After this time, more than 3 per cent of butynol remained 
unconverted in a single cycle. 

The distillate from the top of the column contains approximately (>0 
per cent of methyl vinyl carbinol, 5 per cent of aldehydes and ketones, 1 per 
cent of butynol and 34 per cent of water. The ketone oils and water are 
continuously removed, and the raw methyl vinyl carbinol is purified by a 
wash with 10 per cent of a saturated solution of sodium bisulfite (5 hours, 
()0°C) and finally distilled. The distillate is methyl vinyl carbinol contain- 
ing 26 to 30 per cent of water but free from aldehydes and ketones. The 
last fraction may still contain some butynol. The ketone and aldehyde 
bisulfite compounds are discharged from the still bottoms. 

Methyl vinyl carbinol boils constantly at 85 to 8G°C with 26 per cent of 
water. The product is dried with potash and distilled over potash, and 
then boils at 97.4°C. Methyl vinyl carbinol adds 2 atoms of bromine; 
this reaction may be used for analytical determination. 

The dehydrogenation of the alcohols produced by the perhydrogenation 
of the acetylenic alcohols was used to prepare ketones. For example, 
butyne-3-ol-2 was reduced to secondary butyl alcohol which was dehydro- 
genated to methyl ethyl ketone. 

Oxidative Coupling 

Primary acetylenic alcohols may be converted to diacetylenic glycols by 
Zalkind’s method using air and a cuprous salt catalyst^. By this procedure 

^ Per., 09 , 128 (1936). 
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propargyl alcohol gave hexadiynediol-1 , 6 in 50 to 60 per cent yield. How- 
ever, the product was highly contaminated and the consumption of cuprous 
chloride was high. 

Work on the mechanism of the reaction showed that with a molecular 
ratio of propargyl alcohol to cuprous chloride of from 2: 1 to 5: 1, there was 
little oxidation of the cuprous chloride to cupric chloride; instead, the 
cuprous chloride acted as a catalyst and gave yields of hexadiynediol of the 
order of 95 per cent of theoretical. 

The equation for the production of hexadiynediol from propargyl alcohol 
is 

2 HfeC-CHaOH + 1/2 O 2 HOCHjfeC-CfeC-CH^OH + H 2 O + 83 k cal. 

Obviously, pressure should favor the reaction. Experiments using air 
compressed to 10 to 20 atm showed that the rate was increased from 3 to 8 
times overrates obtained with the same reactants with air, or even oxygen, 
at atmospheric pressure. The rate is substantially constant during the 
early stages, but as the ratio of propargyl alcohol to cuprous chloride de- 
creases and the quantity of precipitated hexadiyne diol increases, the 
catalytic solution changes slowly into a paste of lowered catalytic activity 
and the rate falls off. In the larger pilot plant, this was avoided by adding 
propargyl alcohol at intervals to maintain the propargyl alcohol/cuprous 
chloride ratio at the most favorable ratio of 2: 1 to 4: 1, and by continuously 
removing hexadiynediol by centrifuging a portion of the reaction slurry, the 
liquors being recycled. 

The following description of an experiment will explain the reaction 
under pressure:® A rotating stainless steel (V4A) autoclave of 92.8-liter 
capacity was filled with 26.1 liters (= 30.25 kg) of a mixture of 18,440 g 
H2O, 5,760 g NH4CI, 1,800 g CU2CI2 and 4,260 g 95 per cent propargyl 
alcohol (= 4,040 g pure propargyl alcohol). Air was pressed in to 20 atm 
and the autoclave was started rotating at 10 to 12° C. The temperature in 
the autoclave rose to 26°C after 20 minutes, and the pressure fell to 18.5 
atm. It was not desirable that the pressure fall to 16 atm, indicating com- 
plete consumption of the 4 atm of oxygen which were contained in the 20 
atm of air, because the rate of hexadiynediol formation would decrease. 
The pressure was released and the treatment continued with 20 atm of 
fresh air, causing a temperature rise to 27°C, and a new drop in pressure to 
18.5 atm. This procedure was repeated and lasted 20 minutes for each 
operation. The total absorption of oxygen during three treating periods 
was 4.5 atm equivalent to 300 liters of oxygen calculated for the autoclave 
volume of 66.75 liters (92.8 — 26.1 = 66.75 liters) and took 60 minutes. 
Assuming that the oxygen was used only for the oxidation of the propargyl 
alcohol, this absorption would be equivalent to the conversion of 3070 g 


« PB 27124. 
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of propargyl alcohol to hexadiynediol : 970 g of propargyl alcohol should 
have remained unchanged, and the initial mole proportion of cuprous chlo- 
ride to propargyl alcohol should have decreased from 1 :4 to 1 : 1. 

A further 2,055 g of propargyl alcohol was added and the process repeated. 
This cycle was repeated until 18.045 kg of propargyl alcohol had been con- 
verted. The contents of the autoclave were filtered, and the solid dissolved 
in a minimum of water at 60®C. Higher temperatures during recrystalliza- 
tion caused decomposition of the hexadiynediol, even in an atmosphere of 
nitrogen. The solution was cooled to O^C and the hexadiynediol removed 
by filtration. The aqueous filtrate on extraction with ether gave more of 
the diol. The total yield of crude hexadiynediol was 15.45 kg from 18.045 
kg of 100 per cent propargyl alcohol, or 89 per cent. Including recovered 
propargyl alcohol, the yield was 93 per cent. 

Purification of the crude diol by recrystallization from water was attended 
by high losses, and only 60 per cent of the white crystalline diol, melting 
point 112°C, was obtained. However, it was believed that these losses 
could be greatly reduced by reworking the aqueous filtrates in a continuous 
process. 

Butynol-3 under the same conditions was reported to give octadiyne-3 ,5- 
diol-2 , 7 in good yield. Unfortunately, a description of this work is unavail- 
able because all files pertaining to this subject were destroyed by fire. 

Catalytic hydrogenation in the presence of metals of the iron group, 
especially nickel, reduces the diyne diols to alkane diols. These diols are 
of great interest in the chemistry of polyurethanes and polyamides. 

Oxidation of hexanediol-1 ,6 leads to adipic acid, a process which makes 
this important acid available independently of the usual methods based on 
benzene derivatives. Conversion to the 1 ,6-dinitrile followed by hydroly- 
sis affords a new synthesis of suberic acid. 

Partial hydrogenation of hexadiynediol gives hexadienediol. 

Oxidation of Propargyl Alcohol to Propargyl Aldehyde® 

Attempts to dehydrogenate propargyl alcohol to propargyl aldehyde by 
catalytic processes similar to those successfully used for the synthesis of 
formaldehyde from methanol were unsuccessful ; apparently, isomerization 
to acrolein occurred in the vapor phase over both copper and silver cata- 
lysts. However, chemical oxidation using mild oxidizing agents such as 
manganese dioxide in acid solution was successful on a laboratory scale in 
yields of 50 to 60 per cent of theoretical. 

HC=CCHjOH HC=C— CHO + HjO 

Propargyl aldehyde was of interest because on condensation with guani- 
dine it yielded 2-aminopyrimidine, which could be converted to 2-p-amino- 

•P2? 80380 (F/Ar 915); D. R. Pat. Anmeldung 1-16^16 (Jan. 12, 1943). 
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phenylsulfoamidopyrimidine, a very useful and effective sulfa dnig (‘'de- 
venal”, sulfadiazine). 

Procedure. A mixture of 800 g of manganese dioxide, 2,000 cc of water, 
100 cc of concentrated sulfuric acid and 250 g of sodium sulfate was stirred 
in a reaction vessel. Then 480 g of propargyl alcohol was added, and 
the reaction mixture warmed to 40®C under a vacuum of 100 mm. During 
two hours, a mixture of 1800 cc of water and 500 cc of concentrated sulfuric 
acid was added at a temperature of 46 to 50°C. A mixture of water, 
propargyl alcohol, and propargyl aldehyde distilled over. The first 500 cc 
of distillate contains the major part, 135 g, of the produ(;ed propargyl alde- 
hyde, while the next 500 cc contains an additional 15 g. The reaction is 
completed when 1,000 cc of distillate have been obtained. The total 
distillate is fractionated at 100 mm pressure. A 90 per cent solution of 
propargyl aldehyde distills at 27 to 32''. Including the forerun and tails, 
about 200 to 230 cc of an 80 per cent distillates, or 1()0 to 184 g of 100 per 
cent propargyl aldehyde is obtained; yield 50 to 60 per cent. From the 
distillation residue, 166 g of propargyl alcohol can be recovered by salting 
out with potassium carbonate. 

Condensation of Propargyl Aldehyde with Guanidine Carbonate.’ A 

mixture of 400 g of 80 per cent sulfuric acid and 90 g of guanidine carbonate 
was cooled and stirred in a reaction vessel fitted with a stirrer, reflux con- 
denser, dropping funnel and thermometer. Later 54 g of propargyl alde- 
hyde was added during 0.5 hour with cooling to maintain a reaction temper- 
ature of 30 to 40®C. After about 2 hours, Avhen the odor of the aldehyde 
had disappeared, the dark red solution was diluted with 200 cc of ice water 
and neutralized with milk of lime at 35 to 40''C. The calcium sulfate was 
filtered off and washed with water to a filtrate volume of about 2 liters;' 
50 cc of 30 per cent sodium hydroxide solution was added to the filtrate 
which was let stand 3 days ; a small amount of a reddish brown precipitate 
separated on the vessel walls. The solution was decolorized with 5 g of 
carbon, cooled and extracted with either. The ether was distilled, leaving 
45 g (47.5 per cent) of slightly yellow 2-amino-pyrimidine (m. p. 123 to 
J25°C). 

Addition of Water 

Hydration of the triple bond of propargyl alcohol to yield acetol (hy- 
droxyacetone) may be carried out using acid mercury catalysts. 

0 

HK) ^ 

CH^CCHsOH CHsC— CH 2 OH 


^ D.R.Pat. Anmeldung D7Sft52 (Aug. 26, 1942), 
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In the same way, butynol gives butane-3-one-2-ol in very good yields. 
CHs— CH— C=CH > CHjCHC— CHs 

I 1 li 

OH HO O 

By reduction, these hydroxy ketones are converted to the vicinal glycols, 
1 ,2-propylene glycol and 2,3-butylene glycol. The addition of water and 
hydrogenation of the keto alcohols is easier and gives better yields than does 
the same reaction with butynediol. 

Dehydration of the butane-3-one-2-ol leads to vinyl methyl ketone. 
Dehydrogenation of the 2,3-butylene glycol gave diacetyl. 

Addition of Alcohols 

Alcohols may be added to the triple bond of propargyl alcohol under the 
influence of an acid mercury catalyst. The reaction, however, differs from 
that with acetylene where acetal is formed. Instead of the expected 
hydroxy ketal, cyclic acetals, derivatives of 1,4-dioxane are obtained. 

HC=C— CH2OH 4- 2ROH H3C— C— CH2OH 


2HC=CCH20H -f 2ROH > 

OR O 

. \ / \ 

CHs— C CH2 

I i 

HoC CCH3 

\ / \ 

o o: 

Crystalline 2,5-dimethoxy-2,5-dimethyl-l ,4-dioxane is formed® when 
56 parts of anhydrous propargyl alcohol are heated to 60 to 70°C with 64 
parts of methanol containing 2 parts of boron trifluoride etherate and 5 
parts of mercuric chloride. On hydrolysis with acids, acetol (hydroxy- 
acetone) results in excellent yields. 

Addition of Hydrogen Halides 

Although propargyl alcohol readily adds hydrogen bromide to the triple 
bond, hydrogen chloride will not add except in the presence of mercuric 
salts. Addition is limited to one molecule of hydrogen chloride, and no 
attack of the hydroxyl group occurs. The reaction may be carried out with 
pure propargyl alcohol or a 30 pe^r cent aqueous solution, and in either 
liquid or gaseous phase, with the catalyst free, or on a carrier such as char- 

® Technical Oil Mission Microfilms, Reppe Patent Applications, Reel 159, Frame 
2056. 


/ \ 
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0 


2H2O 


/ 

HOCHzC—CHs -f 2ROH 


I 



126 


ACETYLENE AND CARBON MONOXIDE CHEMISTRY 


coal : 500 g of a 30 per cent aqueous solution of propargyl alcohol containing 
6 to 8 g of mercuric chloride is warmed to 60°C and hydrogen chloride gas 
is then passed in very rapidly for two hours to avoid addition of water to 
the triple bond, the rate being about 400 liters per hour. The temperature 
is held at 80°C. When no more hydrogen chloride is absorbed and tests 
show that no propargyl alcohol remains unreacted, the solution is distilled 
in vacuo, yielding 225 g of beta-chloroallyl alcohol (b.p. 135 to 140°C at 
750 mm)®. 

A continuous process in gaseous phase using aqueous propargyl alcohol 
and excess hydrogen chloride at 30 to 40 mm pressure and 80 to 90°C gave 
a 65 per cent yield per pass. Higher temperatures gave higher conversions, 
but also more by-products such as chloroallyl ether and polymerized pro- 
pargyl alcohol. 

Replacement of Hydroxyl with Thionyl Chloride 

Thionyl chloride with propargyl alcohol gives propargyl chloride. 
HCfeCCHaOH + SOCI 2 HC^C-CH^Cl + SO 2 

Replacement of Methine Hydrogen 

Chlorine in alkaline solution gives chloropropargyl alcohol. 

HfeC-CHjOH + CI 2 + NaOH ClC^C-CHaOH 

Dehydration of Acetylenic Alcohols 

The dehydration of 2-methyl-butyne-3-ol-2 in the vapor phase over 
aluminum oxide or other dehydrating catalysts gives 2-methyl butene-1- 
yne-3 (isopropenyl acetylene). 

(CH8)2C— C=CH CHj=C— C=CH + HjO 

I I 

OH CH, 

The dehydration of butyne-3-ol-2 to vinyl acetylene is not so easily accom- 
plished because the rate of decomposition into acetaldehyde and acetylene is 
too great. However, the problem appeared to be of interest as a means of 
synthesizing vinyl acetylene free from divinyl acetylene. 

Trimerization of Propargyl Alcohol 

The trimerization of acetylene and its derivatives to benzene or its 
derivatives by thermal methods is well known. Diels has described the 
trimerization of esters of acetylene dicarboxylic acid in the presence of 
tertiary organic bases. Ebel and Spanig, in studying reactions of pro- 
pargyl alcohol, found that it too could be trimerized by heating an aqueous 

• Technical Oil Mission Microfilms, Reppe Patent Applications, Reel 158, Frame 
1967 ff. (D. R. PaU 769,695), 
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solution with Raney nickel for 30 hours. Although the eoUV^i^sion was only 
about 10 per cent, the unreacted propargyl alcohol could be recovered and 
reused. , The major product of trimerization in this case was proved to be 
1,3,5-trimethylol benzene by oxidation to the known trimesic acid. 


3HC=C— ClbOII 


CHaOTI 


Ni 


[O] 


HOH2C 


/\/\ 


CH2OH 


coon 



HOOC COOH 


Following Reppe^s observation that complexes of triphcnylphosphine 
with nickel halides or nickel carbonyl polymerized acetylene smoothly 
under mild conditions to yield 88 per cent benzene and 12 per cent styrene, 
Klager tested these complexes as catalysts for the trimerization of propargyl 
alcohol. 

It was established that an aqueous 30 per cent or 70 per cent propargyl 
alcohol solution can neither be polymerized by the complex triphenyl 
phosphine-nickel halides, nor by the triphenyl phosphine-nickel carbonyl 
compounds. If anhydrous propargyl alcohol is used, no reaction occurs 
with NiBr 2 * (C 6 H 6 ) 3 P. On the other hand, when anhydrous propargyl 
alcohol is treated with triphenyl phosphine-nickel carbonyl and heated to 
about 70°C, a reaction occurs accompanied by a gradual temperature rise 
to the boiling point of propargyl alcohol ; ultimately the viscous mass turns 
dark brown with continued rise of temperature to about 200°C and decom- 
poses with the evolution of white fumes. The intensity of this reaction 
can be diminished by the use of diluents such as the lower aliphatic alcohols, 
tetrahydrofuran and benzene. 

By dissolving the catalyst in the solvent and adding the propargyl alcohol 
dropwise at reflux temperature, the reaction could be controlled by the rate 
of addition without further heating. Finally, it was refluxed further after 
the addition of the propargyl alcohol until the conversion was complete, or 
until the end of the polymerization was indicated by titration of the pro- 
pargyl alcohol content of the reaction. The weight of solvent in a batch 
process amounted to 2 or 3 times the propargyl alcohol used for the reaction. 
The amount of catalyst used was roughly 7 per cent of the weight of pro- 
pargyl alcohol, corresponding to 0.65 per cent of nickel by weight. 

The course (yield, rate, products, etc.) of the reaction depended upon 
the type of solvent used. With alcohols only about 40 per cent of the pro- 
pargyl alcohol was polymerized despite an increase in the amount of the 
catalyst, while the conversion was practically quantitative after a few hours 
in benzene. Tetrahydrofuran gave a yield of 50 to GO per cent and was 
inferior to benzene not only as far as the yield was concerned but also with 
regard to rate of reaction. 
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The yield of the trimerization products was more than 90 per cent of 
theoretical ; however, due to the losses on purification, only about 75 per 
cent was obtained as pure product. In most cases, such as for oxidation, 
the crude product of trimerization was suitable. 

The trimerization product was not a homogeneous compound, although 
the boiling point of the product and of the triacetate indicated a homo- 
geneous compound. The oxidation of the trimerization products with 
(‘oncentrated nitric^ ficid, however, gave a mixture of two acids, one of which 
was very insoluble in concentrated nitric acid and in water even when 
heated, while the second acid was very easily soluble in both. An equiva- 
lent weight of 73 was found for the difficultly soluble acid ; the trimcthyl 
ester prepared by esterification with methanol melted at 143 to 144°C and 
gave no melting-point depression when mixed with trimesic acid trimethyl 
ester. The yield of this acid amounted to about 40 per cent of theoretical. 
Therefore, about half of the trimerization products consist of 1,3,5-tri- 
methylolbenzene, which is converted into trimesic acid by oxidation with 
nitric acid. 


(4I2OH 



IIOH2C CII2OH 


COOH 

A 

/\A 

HOOC COOH 


The more easily soluble acid can be freed from the rest of the trimesic 
acid and purified by recrystallization from about five times the concentra- 
tion of nitric acid. It melted between 210° and 220°, dependent upon how 
the melting point was taken. The equivalent weight was found to be 72. 
Esterification with methanol and sulfuric acid did not, give a crystalline 
ester. These properties correspond to the reported properties of trimellitic 
acid, but a direct comparison was not made at Gendorf owing to unforeseen 
events. This acid was obtained in somewhat more than 40 per cent yield, 
while the rest was obviously a difficultly separable mixture of both acids, 
besides small amounts of other degraded acids such as oxalic acid. The 
very probable presence of trimellitic acid as a second oxidation product 
indicated that besides 1 ,3,5-trimethylolbenzene, 1 ,2,4-trimethylolbenzene 
is also formed in the trimerization. 


HOH2C 






OH20H 


HOOG 


\/\/ 


\A 


COOH 


CH2OH 


COOH 
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The oxidation of the triacetates with nitric acid gave similar results. 
Both acids were isolated from the oxidation of the crude trimerization 
products with potassium permanganate in alkaline solution. From these 
results, it follows that the trimerization product represents a mixture of 
essentially equal parts of 1 ,3,5-trimethylolbenzene and 1 ,2,4-trimethyloh 
benzene. 

C— CHsOII C— CH2OH 



liOCHo— C C— CH2OH and HOCH2— C C— CH2OH 



HOH2C CHaOn HOH2C 

In a similar way butynol, HC=C — CHOHCH3, could be trimerized, 
although in poorer yields. The trimerization product was a honey-yellow 
sirup and was not further investigated. 

The mode of action of the catalyst which influences this reaction in such 
an extraordinary simple manner is unknown. It was noted that after the 
end of the trimerization the benzene solution was inactive in new reactions. 
From the benzene solutions none of the originally used complex could be 
isolated ; a white substance, crystallizable from ligroin in long needles, was 
found and identified as triphenyl phosphine. The nickel was not found in 
the benzene portion after the reaction but appeared in the t rimer and was 
separated by working up as an insoluble nickel compound. A quantitative 
determination of the nickel in the crude t rimer was not made. 

Since only triphenylphosphine was recovered, the catalyst was destroyed 
either by the reaction, or by contact with air. Probably the poor yields 
using alcohols as solvents can be traced to a rapid decomposition of the 
catalyst in alcoholic solution. Although the experiments of Ebel and 
Spanig with Raney nickel suggest such a conception, the catalysis does not 
appear to be due only to specific action of the nickel, since the nickel 
halide-triphenyl phosphine complex does not cause trimerization. On the 
other hand, the experiments of Ebel and Spanig show that the grouping 
— Ni(CO )2 alone cannot be responsible. By analogy with the addition of 
butyl bromide to triphenylphosphine-NiBr 2 to form a phosphonium 
salt, propargyl alcohol may add in a similar manner, producing a complex 
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which can be polymerized. Perhaps the acidic hydrogen atom plays a 
role in such complex formation since butynediol under the same conditions 
did not trimerize. 

Experimental Pari. Two grams [(C 6 HB) 3 P] 2 -Ni(CO) 2 * was dissolved in 
75 cc of benzene and under reflux was slowly treated with 28 g of anhydrous 
propargyl alcohol (97 per cent). Following the addition, it was heated for 
2 hours more, until no more propargyl alcohol could be detected. After 
cooling, the benzene solution was decanted from the precipitated thick 
brown oil. The trimer was dissolved in water, decolorized with carbon, 
filtered, and the clear water solution was evaporated. The residue of 25 g 
corresponded to 92 per cent of theory. The yellow sirup showed no tend- 
ency toward crystallization. 

The trimer can be purified by distillation in a high vacuum, but yields 
are not good. 


Reactions op Acetylenic Glycols 

The acetylenic glycols are multifunctional compounds containing a 
reactive triple bond and reactive hydroxyl groups, and as such undergo a 
wide variety of chemical reactions. 


Hydrogenation 

On reduction, butynediol-1 ,4 behaves much like propargyl alcohol which, 
as previously shown, gave a wide variety of reaction products depending 
on the activity of the catalyst, the pH of the catalyst carrier, and the 
temperature. The reduction of butynediol-1 ,4 to butanediol-1 ,4 was of 
great importance in the Reppe synthesis of butadiene from acetylene and 
formaldehyde (see page 101 ) . At high temperatures over copper catalysts, 
n-butanol is the chief product of reduction^^. Partial hydrogenation, gives 
butenedioPk 


HOCH2CSCCH2OH 



H0CH2CH=CHCH20H 

Im 


CHaCHaCHaCHjOH + H2O HOCHzCHjCHaCHaOH 


Hydrogenation of Butynediol- 1,4 to n-Butanol, In the hydrogenation 
of butynediol-1, 4 to butanediol in the presence of copper or nickel cata- 
lysts, the formation of a small quantity of n-butanol has always been 
observed. The quantity of butanol increases with increasing temperature 
of the reaction. The hydrogenation (butynediol + 3 H 2 butanol + 
H 2 O + 91 cal) produces water, and it is therefore advantageous to use 

* See page 260 for the preparation of this catalyst. 

10 fr.Pat. 85Syl48 (Example 4). 

BHUPaL 608,643; D.R.Pat. 737,476; 763,961; Fr.Pat. 46,600. 
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dehydrating hydrogenation catalysts in order to obtain a high yield of 
butanol. 

Continuous hydrogenation of aqueous solutions of butynediol with 
copper on silica gel at 200'^C with 200 atm of hydrogen pressure yielded 40 
per cent butanol, with butanediol as the chief product. Experiments with 
Raney copper, which has no dehydrating action, gave only 10 per cent of 
butanol. Hydrogenation in the presence of copper chromite catalysts, 
which easily converts the less stable butanediol-1 ,3 to a mixture of second- 
ary and primary butanol, did not give any butanol from butane-, butene-, 
or butynediols at 300°C and 300 atm. 

Catalysts with too strongly pronounced dehydrating action are unsuit- 
able for the reaction because they promote resinification. Copper cata- 
lysts on extrudings of bolus alba or silica gel have a useful lifetime of only 
3 to 7 days, at a throughput of 0.5 kg of but 5 aiediol per day per liter of 
catalyst. 

The best results were obtained with copper catalysts on activated alu- 
mina which had been conditioned at SOO'^C. The yield of butanol was 70 to 
80 per cent at a reaction temperature of 150 to 200‘^C. At lower condition- 
ing temperatures the catalyst formed more resins during hydrogenation, 
whereas the yield of butanol decreased at higher conditioning temperature 
with increased useful life of the catalyst. This is probably due to partial 
conversion of y-A^Os to a-AbOs, the dehydrating efficiency of which is 
considerably less. Useful life of the catalyst baked at 800°C did not 
exceed 18 days at a throughput of 1 kg of butynediol per day per liter of 
catalyst; the catalyst becomes inefficient because of resin formation. Use- 
ful life of the catalyst can be increased approximately three times, if the 
reaction is carried out in such a way that 45 per cent of butanol and 55 
per cent of butanediol are produced. 

The butanol is freed from water by azeotropic distillation but contains 
traces of unsaturated by-products which cause a more-or-less pronounced 
discoloration. (Color, compared with an iodine scale : 200 to 400.) Those 
by-products can be removed almost entirely by chlorination followed by 
distillation with alkali, or by after-hydrogenation with nickel catalysts 
under pressure. This brings the color of the butanol down to 10 to 30. 

Butene-2-diol-l,4 from butyne-2-diol-l,4. Catalytic Hydrogenation, 
The earlier processes for the partial hydrogenation of butynediol used cata- 
lysts containing cobalt, copper, or nickel, which were readily poisoned by 
carbon monoxide or sulfur-containing compounds. The life of these 
catalysts was usually short due to the resins formed, Reppe found that 
carbonyl iron and electrolytic iron were very suitable catalysts for partial 
hydrogenation, if the reaction took place under pressure. 

At first, it was found that exhaustive hydrogenation of butynediol to 
butanediol took place with Raney iron (obtained by the decomposition of 
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iron aluminum alloy with caustic soda), carbonyl iron, and electrolytic iron 
at a pressure of approximately 25 atm of hydrogen and at 40°C in small 
autoclave tests. Under less drastic conditions no hydrogenation took 
place. It was not possible to confirm observations previously reported 
with other derivatives of acetylene, namely that hydrogenation stopped 
automatically at the ethylene stage for the reduction of butynediol — » 
butenediol butanediol. If the hydrogenation is stopped as soon as the 
butynediol disappears, it is possible, however, to isolate some butenediol, 
due to the slowness with which it absorbs hydrogen. In any case, a 
considerable quantity of butanediol (10-20 per cent) will be found because 
of the long reaction time (30 hours), even though the conditions of hydro- 
genation may have been mild (50°C, 50 to 100 atm of hydrogen pressure). 

Much more favorable results are obtained with continuous runs because 
of the shorter time of contact with the catalysts^-. The apparatus required 
consists of a high-pressure trickling tower with a jacket which is filled with 
a heating agent (preheated in a storage vessel to an exact temperature and 
circulated with a gear pump). The hydrogen pressure is kept constant, 
and the gas is recycled. Starting material is fed to the tower by a recipro- 
cating pump. The reaction product is discharged continuously from the 
separator. 

Eight liters of the 25 per cent aqueous solution of butynediol (pH 5 to 
7) per liter of catalyst are pumped through the tower at 50 to 100°C and 
150 to 200 atm of hydrogen pressure. Heat of the reaction is 37,000 calories 
per mole, which is removed by the hydrogen cycle. Hydrogenation does 
not stop automatically at the ethylene stage^®; hence hydrogen pressure, 
temperature and throughput must be carefully kept constant. In this 
way, it is possible to retard the formation of butanediol which occurs at 
higher temperature, higher pressure and lower throughput, and to avoid a 
residue of unchanged but 3 mediol which does not react at lower temperatures, 
lower pressures and higher throughputs. 

A 25 per cent solution of aqueous butenediol leaves the separator. Water 
is distilled off at first, carrying over traces of C 4 alcohols (less than 0.5 per 
cent of crotyl alcohol and n-butanol), then the unchanged formaldehyde 
from the starting solution, some allyl alcohol and n-propanol (from pro- 
pargyl alcohol in starting solution). The raw butenediol is distilled under 
vacuum. Besides butenediol, it contains 5 per cent of butanediol and 2 
per cent of unchanged butynediol. Perfect separation of the three com- 
ponents was not possible because the boiling points of the three products 
are so close (butanediol 229^^0, butenediol 234°C, butynediol 238®C). 
The sensitivity of the butenediol to heat further limits the separation. Dis- 

1. G. Farbenindustrie patent proposal 0,Z,-12fi70. 

Compt, rend.f^O^, 608 (1938) ; Bull. 90 c. chim, (5) , 6 , 218 (1939) ; /. Am, Chem, 80 c,, 
62 , 2666 (1940). 
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tillation of the raw butenediol under vacuum must be done with great care 
because the distillation residue will vigorously decompose if contacted with 
air at elevated temperature. By proper adjustment of the conditions of th(‘ 
process, it is possible to make products which contain less than 0.1 per cent 
of butynediol and 10 per cent of butanediol, or less than 0.1 per cent of 
butanediol and 10 per cent of butynediol. 

The product is analyzed by bromination with nasceni. bromine, or with 
an excess of a 2A^ solution of bromine in a saturated solution of sodium 
bi'omide in methanol. Unabsorbed bromide is back-titrated with arsenite 
solution. Butenediol absorbs two atoms of bromine, butynediol adds 2.5 
atoms of bromine* and butanediol does not react with bromine at all. In 
conjunction with the mercuric chloride method (repoit of Dr. Kerckow, 
October 30, 1041 ) for determining butynediol, it is possible to calculate the 
percentage of all three components in the reaction product. 

The hydrogenation catalyst is produced from purest carbonyl ii’on 
powder, or from electrolytic iron. A thick paste, made from the' iron 
I)owder and n-biitanol, is fed to an (extruding press and thc' extrudings are 
rediK^ed in hydrogen. Butanol is evaporated at first, and the temperature' 
is finally raised to 5(K)°C' (carbonyl iron) and ()()0°C (electrolytic iron). 
The soft extnidings are baked within 10 hours, the shape is conserved, and 
the final catalyst is solid and stable. The particles of electrolytic iron are 
larger than those of carbonyl iron and hence recpiire a higher temperature 
in order to be sufficiently mechanically stable. This catalyst is ready for 
use in the reactor, but may also be after-treated with hydrogen at 400^0 to 
nuluce traces of oxide. 

The activity of the catalysts is not constant, activity increasing in the 
beginning, remaining constant for some time and finally decreasing. These 
fluctuations in activity can be compensated to a large extent by varying the 
working conditions of the tower. Life of the catalyst depends upon 
throughput and is approximately 6 Aveeks at a feed rate of 2 kilos of 100 
per cent butynediol per day per liter of catalyst. Hydrogenation activity 
decreases considerably after this time, although no formation of resins could 
be observed. 

Chemical Reduction. In the course of 2 hours, while stirring at 20°C, 
304 g of 35 per cent caustic soda solution are added to a mixture of 344 g of 
butynediol-1 , 4, 1 80 g of water and 352 g of 78 per cent electrolytic zinc dust ; 
ice water is used to make sure that the temperature does not rise appreci- 
ably above 20°C. After the mixture has been stirred for 20 hours at 20°C, 
the zinc oxide formed is filtered off and the filter residue washed with water 
to a weakly alkaline reaction. The filtrates are combined and hydrochloric 

* No additional information on these methods has been located. It would appear 
that the statement that butynediol adds 2.5 atoms of bromine is erroneous since it 
should add either 2 or 4 atoms. 
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acid added thereto until the solution is acid to litmus. The water is then 
evaporated therefrom under reduced pressure, and the oily residue is 
filtered by suction from the salts precipitated by the evaporation of the 
water. The filter residue is washed several times with alcohol, the alcoholic 
filtrates combined with the oily fraction and the alcohol expelled by distilla- 
tion under reduced pressure. The residue is purified by vacuum distilla- 
tion, whereby 315.5 g (90 per cent yield) of aVbutcnedioI-l ,4 are obtained, 
which boils between 91 and 100°C at a pressure of from 0.3 to 0.4 mm (of 
Hg). By repeated distillation, a pure butenediol having a boiling point of 
from 104 to lOT'^C at a pressure of 0.7 to 0.8 mm (of Hg) is formed. The 
compound cannot be solidified by cooling with a mixture of ice and common 
salt. 

Partial Hydrogenation of Other Acetylenic Alcohols with Iron Catalysts. 

Following the experience with the partial hydrogenation of butynediol, 
the applicability of the method to other acetylenic alcohols was tested. 

Unilaterally -Substituted Acetylenes. In general, unilaterally-substituted 
acetylene derivatives and acetylene itself, can be reduced to ethylenic 
compounds in very poor yields with iron catalysts. The final product 
always contains starting material as well as a considerable quantity of the 
saturated compound. Acetylene, propargyl alcohol, butyne-3-ol-2, and 

2- methyl butyne-3-ol-2 yielded between 50 to 70 per cent of the ethylenic 
compounds. 

Bilaterally-Substituted Acetyle?ies. Pentync-3-diol-2,5 can be converted 
to the ethylenic compound under conditions similar to those used for the 
preparation of butynediol. Results are even more favorable with hexyne- 

3- diol-2,5 which was hydrogenated discontinuously to hcxenc-3-diol-2,5 
(b. p. 124°C, 13 mm) with an iron catalyst in an autoclave at lOO'^C under 
100 atm of hydrogen pressure in 95 per cent yield. Only 5 per cent was 
exhaustively hydrogenated to hexanodiol. In strong contrast to the 
hydrogenation of butynediol, the reaction stops at the ethylenic stage, in 
this case probably due to the decreased activity of the double bond caused 
by the large substitutent groups. Still better yields are obtained in con- 
tinuous runs in a trickling tower with iron catalysts. The reaction does not 
require high constancy of pressure, temperature, or throughput, and 98 to 
99 per cent yields of hexenediol, besides 0.2 to 0.5 per cent unreacted hexyne- 
diol, are obtained at 100°C and 100 atm of pressure. 

The above experiments have demonstrated that hydrogenation of butyne- 
diol with iron catalysts under pressure leads to formation of butenediol 
only if the pressure, temperature and throughput are carefully adjusted in 
the reactor. Pressureless . partial hydrogenation of propargyl alcohol to 
allyl alcohol also requires close control of the reaction conditions. The 
homologous methyl-substituted compounds, on the other hand, give partly 
hydrogenated products, independently of reaction conditions. This was 
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exhibited in the hydrogenation under pressure of hexynediol with iron 
catalysts, and pressureless hydrogenation of butynol with palladium cata- 
lysts. It can be concluded that the double bond becomes less reactive 
towards hydrogen with increasing molecular size of the ethylenic alcohol 
and therefore partial hydrogenation of substituted acetylenic alcohols can 
be carried out in almost quantitative yields. 

Addition of Sodium Bisulfite 

Refluxing an aqueous solution of sodium bisulfite with butynediol-1 ,4 is 
reported to give good yields of the sodium butanediol-1 ,4 disulfonate-2, 3. 
H0CH2C^CCH20H + 2NanS03 HOCH 2 CHCH— ■Cn20H 

I I 

NaOaS SOaNa 

Replacement of Hydroxyl Groups with Halogen 

The reaction of butynediol-1 ,4 with thionyl chloride gives 1 , 4-dichloro- 
l)utyne-2. The reaction may be carried out by mixing the diol with the 
stoichiometric quantity of thionyl chloride and heating cautiously until no 
more gas is evolved. 

HOHaCfeC-CHsOII -f- 2 SOCI 2 -> C1CH2C^C-CH2C1 -f 2 HCl -f 2 SO 2 

Alternatively, the reaction may be carried out in the presence of pyridine^^. 
A 90 per cent yield of 1 ,4-dichlorobutyne-2 (boiling at 68 to G9°C/17 
mm, 165 to 166°C/760 mm, 1.5072; df 1.258J is claimed. Johnson 
also prepared the dibromo- and diiodobutynes and has studied a number of 
reactions of these acetylenic dihalides. 

Although the Germans^® claim that the treatment of 1 ,4-dichlorobutyne- 
2 with alkaline agents furnishes an excellent method for the preparation of 
diacetylene, Johnson successfully carried out numerous metathetical reac- 
tions with sodium alkoxides, phenoxides, ammonia and amines; however, 
dichlorobutyne is inert to both potassium or cuprous cyanide. 

The action of thionyl chloride on 2,5-dimethyl hexyne-3-diol-2,5 gave 
2 , 5-dichloro-2 , 5-dimethyl hexyne-3, boiling at 60 to 70°C/11 mm. 

Isomerization of Butynediol to Hydroxymethyl Vinyl Ketone^^ 

Butynediol readily undergoes a Meyer-Schuster rearrangement to hydro- 
xymethyl vinyl ketone^ ^ 

O 

11 

HOCHsC^CCHsOH > HOCH 2 C— CH=CIl 2 (20 cal) 

“ Fr.Pat. 858,185 ; Chem. Centr., 1941, I, 1738. 

“Johnson, J. Chem. Soc., 1946, 1009. 

“ D. R. Pat. 740,637. 

” PB 75631; I. G. Farbenindustrie patent proposal O.Z. -13,357. 

>• Ber., 66, 819-23 (1922). 
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Mercuric, silver and cupric salts of strong acids are effective catalysts, as is 
mercuric oxide-boron fluoride etherate. The action of these compounds is 
catalytic. 

The isomerization is strongly exothermic, particularly with mercuric 
salts as catalysts, and should be carried out in the presence of a diluent, or 
in solution. Inert solvents such as ethers and esters, in which neither the 
butynediol nor the catalyst is completely soluble, may be used, provided 
agitation is sufficient for adequate contact. Solvents such as water and 
alcohols, which permit carrying out the reaction homogeneously, can be 
used, but since hydroxyl compounds react readily with both the butynediol 
and its isomerization product, care must be taken to avoid side reactions. 
This may be accomplished by running the reaction at moderate tempera- 
tures and interrupting the reaction as soon as the isomerization is complete, 
either by cooling or by neutralizing the catalyst. Another method is to 
distill out under reduced pressure an acpieous solution of hydroxymc^thyl 
vinyl ketone as rapidly as it is formed. The hydroxymethyl vinyl ketone is 
then separated from the water by refractionation, or subjected to further 
reactions in aqueous solution. With alcohols, it is claimed that the rate of 
reaction with butynediol or hydroxymethyl ketone is directly dependent on 
tlie number of carbon atoms in the alcohol ; methanol reacts so rapidly that 
it is not recommended, but ethanol and higher homologs are satisfactory 
solvents. 

The progress of the isomerization may be conveniently followed by 
determination of the carbonyl number of the reaction mixture. When this 
value corresponds to the theoretical value for hydroxymethyl vinyl ketone, 
the catalyst is neutralized and the hydroxymethyl vinyl ketone isolated by 
distillation or extraction, or subjected to further reactions in solution. 

Hydroxymethyl vinyl ketone is a colorless liquid of extremely pungent 
odor. It is soluble in water and has a boiling point of 45 to 46°C/10 mm. 
In pure form, it is stable only a short time at room temperature. In the 
presence of air, it is rapidly transformed into a jelled mass which slowly 
changes to a hard glass-like odorless polymer. 

Details of the evaluation of this readily polymerized monomer, or poly- 
mers thereof have not been located. Apparently, some work has been 
carried out on catalytic xeduction to 1,2-butanediol. 

The following examples describe the isomerization procedure : 

Example 1 . A solution of 100 parts of butynediol in 400 parts of ethyl 
acetate was vigorously agitated with a catalyst prepared by mixing 5 parts 
of mercuric oxide, 5 parts of boron fluoride etherate, 5 parts of ethyl acetate 
and 1.5 parts of trichloroacetic acid at 50 to 60®C. The reaction mixture 
was warmed to 40°C and maintained at approximately 45°C during the 
isomerization (about 1 hour) by reducing the pressure so that the reflux 
temperature corresponded to the desired temperature. When the reaction 
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was over, as shown by a decrease in the temperature, the acid catalyst was 
neutralized with sodium carbonate. Vacuum distillation yielded approxi- 
mately 20 g of hydroxymethyl vinyl ketone, b.p. 45 to 46°C/10 mm. 

Example 2, A mixture of 4,000 parts of a 10 per cent aqueous solution 
of butynediol and 28 parts of (concentrated sulfuric acid was warmed to 
40°C, and 24 parts of mercuric sulfate added. As the mercuric sulfate 
dissolved, the reaction temperature began to rise but was maintained at 50 
to 52°C by applying a vacuum of 95 to 100 mm; the reaction heat was 
removed by evaporation and condensaticm of water in the condenser. The 
course of the reaction is followed by sampling and determination of the 
carbonyl number ; the catalyst is neutralized as soon as a carbonyl number 
of 65 (theoretical) is obtained. This usually requires about one hour. 

By distillation at 40 mm, 3,820 parts of a G.4 per cent aqueous solutkmof 
hydroxymethyl vinyl ketone are obtained. Separation of pure ketone 
from this aqueous solution by distillation is difficult since it is highly volatile 
in steam. 

Exainple 3. A mixture of 1(K) parts of a 10 per cent aqueous solution of 
Initynediol and 6 parts of mercuric sulfate is stirred at 50°C. Distillation 
at 100 to 120 mm is started and 900 parts of a 10 per cent aqueous solution 
of butynediol is added continuously over one hour. The reaction vessel is 
lucated sufficiently to distill out during the same time 900 parts of a 4.4 per 
cent aqueous hydroxymethyl vinyl ketone solution, while maintaining a 
reaction temperature of 50 to 55^C. 

Hydration of ButyTiediol-1,4 

Butynediol in aqueous solution adds one moleciik^ of water in the presence 
of mercuric catalysts to form l,4-dihydroxybutanone-2‘^ 

HOCIIs(;sC -CH.OII + H2O iioClIsCCIIjCHsOH 

il 


o 

Although the above equation indicates that the 1 , 4-dihydroxybutanone-2 
is formed by the direct addition of water to the triple bond of butynediol, 
it is probable that the major part, if not all, of the dihydroxybutanone 
arises from the isomerization of butynediol to hydroxymethyl vinyl ketone 
(discussed on page 135), followed by addition of water to hydroxymethyl 
vinyl ketone : 

H0CH2C = CCH»{)H 

o 0 

/ H.0 ^ 

HOCH^C— C11==CIL -h7-> IIOCH 2 C— CHsCHjOII 


» D.R.Pat. 750,067; PB 92206. 



138 


ACETYLENE AND CARBON MONOXIDE CHEMISTRY 


The isolation of the dihydroxybutanone is veiy difficult as this compound 
has a tendency to condense with itself and also to dehydrate to hydroxy- 
methyl vinyl ketone which, of course, polymerizes easily {vide supra). 

For this reason, the aqueous solution resulting from the hydration of 
butynediol is usually immediately processed by reduction to butane-1, 2,4- 
triol, which has properties similar to, and can be used as a substitute for 
glycerin. The trinitric acid ester of butane- 1, 2, 4-triol is an excellent 
explosive. Its energy content is almost that of nitroglycerin. It gelatin- 
izes well with nitrocellulose, is only slightly volatile, and is very stable at 
low and elevated temperatures. 

Synthesis of Butane-1, 2, 4-Triol. Hydration of Butynediol to 1,4- 
Dihydroxyhutanonc-2. A solution of mercuric sulfate (5 to G per cent of 
the weight of diol) dissolvexl in sulfuric acid (1 to 2 per cent of the total 
reaction weight) was added to a stirred 10 per cent aqueous solution of 
butynediol-1 ,4. The reaction was mildly exothermic (27 kg cals), and the 
temperature was maintained at 15 to 2()®C for six hours, then at 20 to 30°C 
for another six hours by cooling as needed. The reaction mixture was 
allowed to settle for one hour and the separated sludge (spend catalyst, 
mainly free mercury) removed. The a(jueous solution was then heated to 
40°C for 60 hours to complete th(^ addition of water to the hydroxymethyl 
vinyl ketone, and carefully neutralized to pH 4.5 with calcium carbonate. 
The neutralized batch was treated with charcoal, filtered, and the filtrat-e 
concentrated at 40 to 50°C and 60 to 70 mm of mercury pressure until tlu^ 
concentration of dihydroxybutanone was approximately 50 per cent. Prior 
to hydrogenation, the solution passed through a Wofatite ion exchanger to 
replace calcium ions with sodium ions. 

Hydrogenation of l,/rDihjdroxybuta7ione-2 to Butanetriol-1,2,4* The 
50 per cent aqueous solution of the dihydroxybutanone was preheated and 
fed at the rate of 20 liters per hour to the top of a hydrogenator, together 
with hydrogen. The gas and liquid streams flowed down over a catalyst 
consisting of 20 per cent copper and 0.5 per cent chromium on silica gel 
particles (B B E catalyst). The temperature was 80°C with fresh catalyst, 
and was gradually increased to 100°C on continued use ; the pressure was 
200 atm. The product passed to a separator; the uncondensed gas was 
continuously recycled. The hydrogenation product was neutralized to pH 
7.0 with sodium hydroxide. The water was removed at 60 to 70 mm of 
pressure, and the residue topped at 5 to 10 mm to remove volatile impurities 
up to 140°C. The triol was then distilled at 140°C at 1 to 2 mm pressure. 
The space-time yield was 2 kg of triol per day per liter of catalyst. 

The main fraction of butane triol was usually yellow in color and was not 
sufficiently pure for conversion to the trinitrate ester. In order to obtain 
a nitration grade triol, it was necessary to rehydrogenate over a catalyst 
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consisting of IG per cent nickel, 5 per cent copper and 0.7 per cent mangan- 
ese on silica rods. The hydrogenation was carried out at 100 to 140°C 
under 100 to 200 atm pressure. The rehydrogenated product was practic- 
ally colorless and was further purified by redistillation. The pure bu- 
tanetriol-1 ,2,4 had the following properties: b.p. 140/1-2 mm, 1.4535, 
1.8G0-1.8G7, hydroxyl number 1517-1529. 

The yield of crude butane-1 ,2,4-triol was 70 to 80 per cent ; the loss upon 
rehydrogenation varied between 10 and 20 per cent. 

By-Products. A considerable number of b 3 ^-products may form during 
the hydration of tlie hydroxymethyl vinyl ketone; other hj^droxyl-con- 
taining compounds may add to the very reactive vinyl ketone, for example : 


0 0 

( 1 ) nOCHaC— cn==cil2 + IIOCHgC— CH2Cn20H — > 

O 0 

/ / 
nocH 2 C— CH2CH2OC1I2C— CH2CH2OH 

0 0 

/ / 

(2) HOCH 2 C— CH 2 =CH 2 -f- HOCH 2 C— CH=CH 2 ^ 

0 0 


H0CH2C'--CH2CH20CH2C— CH=CH2 

The formation of these high molecular-weight ethers, which are subse- 
quently reduced to polyh^alroxy compounds, can be minimized by carrying 
out the h^^dration in as dilute a solution as is feasible and by controlling the 
temperature. Further reaction of the vinyl ketoether formed by self con- 
densation of hydroxymethyl vinyl ketone, as in (2), leads to a n on-distillable 
tars. 

If the hydration of the hydroxymethyl vinyl ketone is not complete or if 
the temperature during reduction is too high, butane- 1,2-diol is formed; 
in fact, at hydrogenation temperatures above 100°C the yield of butane- 
1, 2-diol can be increased to 70 per cent. 

Propane-1, 2-dioI is formed by the reduction of acetol which arises from 
the, hydration of any propargyl alcohol originally present in the technical 
butynediol solution. Any unreacted butynediol would, of course, yield 
butane-1, 4-diol. Another by-product is 3-hydroxytetrahydrofuran which 
results from cyclic dehydration of the triol, or from cyclic dehydration of 
the dihydroxybutanone followed by reduction. 

Synthesis of Other Triols. By starting from acetaldehyde and acety- 
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lene, the two isomeric pentanetriols, the 1,2,4- and the 1 , 3 , 4, as well as the 
2,3,5-hexa.netriol can be prepared: 

ClhCno + UC^CU > CAUCU c=ch 

1 I 

on 


c41,c;hcsc~~cHoOH 

I 

on 




CHaCIIO 




lli.O 


III20 

\ 


-> (n 1 3 c 1 1 - -o=c ^ c; n -( ; n 3 

I I 

OH on 

I H->0 


CHaCHC— CH.OH.OH ClbCHCJH.CCn.On CH3CHCCH2CHCH3 


OH 0 


Ha 


CHaCHCHCHsCHiOII 

I \ 

OH OH 


\ 

Oil o OH o on 

i„, 

CH3CHCH2CHCH2OH CH3CHCHCH2CHCH3 

II I \ I 

OH OH OH 


OH OH 

The disubstituted dihydroxybutanones, such as 2,5-dihydroxyhexanono- 
3, tend to cyclize to the 3-ket()tetrahydr()fiiran by splitting out water’. 


H 

H 

H 


H 

C -C=C^ 

— 0— CH3 - 

> CHI:,— C- 

-C— (HIo- 


1 

1 

1 

II 

1 

OH 

OH 

HO 

0 

OH 


\ 


Clh 


H 


O 


CHo 
1 H 
C< 

/ CH3 


If the addition of water to the alkynediol is carried out at 70 to 80°C, the 
3-ketotetrahydrofiiran results dii*ectly. 


Addition of Alcohols 

The addition of alcohols to alkynediols in the presence of mercuric salts 
does not lead to the expected ketal of the dihydroxyalkanone. Instead, 
the alkynediol first rearranges to the hydroxymethyl vinyl ketone whicjh 
adds one molecule of alcohol to the double bond and forms the monoalkyl 
ether of 1 ,4-dihydroxybutanone-2 

H 0 CH 2 C=C— CH2OH HOCH2C— CH=CH2 -f ROH 

II 

o 

HOCH2C— CH2CH20R 

II 


o 
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With methanol the rate of addition is so rapid that the intermediate vinyl 
ketone cannot be isolated ; with higher alkyl alcohols, the rate is vslower and 
the hydroxymethyl vinyl ketone can be isolated. 

It is also possible that the reaction may take place through the formation 
of a 1,4-dioxane which by saponification yields the 4-alkoxybutanol-l-one- 
2. Reduction of these alkoxy ketones gave the monoethers of butane 
triol-l ,2,4. 

HOCHjCCHj— CHjOR HOCHjCHOHCH.CH.OR 

II 

O 


Trimerization of Butynediol 

Butynediol undergoes trimerization to hexamethylol benzene w hen its 
aqueous solutions are refluxed with Ranej^ nickel. 


SHOCHaC^CCHsOH 


CHoOH 


HOCHo- 

HOCIIs- 


-CH2OH 

-CH2OH 


CHoOH 


Yields after 30 hours of heating are only about 30 per cent. However, it is 
claimed that the unreacted starting material can be recovered. 

The structure of the reaction product was determined by oxidation to 
mellitic acid and by degradation of the mellitic acid to pyromellitic acid. 


CH2OH 


COOH 


HOCH2 

HOCH2 


-CH2OH 

-CH2OH 


CH2OH 


Ox. 


HOOO 


HOOC" 


-COOH 


-2CO2 


\y—COOH 

I 

(^OOH 


(^OOH 


HOOC 



COOH 


COOH 


Smith reports that the trimerization is effected in 30 per cent yield by 
heating butjmediol with 5 per cent nickel acetate or cyanide at 120°C^®. 

20 *<Qerman Synthetic Fiber Developments,’^ p. 539, Textile Research Institute, 

1946. 
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In contrast to the trimerization of propargyl alcohol under the influence 
of triphenyl phosphine-nickel carbonyl complexes (see page 126), both 
butynediol and butynediol diacetate were not effected by this catalyst. 
Complexes of triphenyl phosphine with mercuric and zinc halides also were 
without catalytic activity. 

Reaction with Ammonia and Amines 

Passage of a current of ammonia and butynediol vapors over an aluminum 
oxide (95 per cent)-thorium oxide (5 per cent) catalyst at 300°C is reported 
to give a good yield of pyrrole^^ 

HC CH 

H0CIl2C=CCH20H + NH 3 II II + H 2 O 

HC CH 


N 

H 


The ammonia may be replaced by primary amines, thus producing N-sub- 
stituted pyrroles. For example, aniline gives N-phenylpyrrrole. 

Reactions of 2-Butene- 1,4-diol 

Dehydration of ButenedioP^ 

Butenediol as produced by the partial hydrogenation of butynediol is 
readily dehydrated in good yields to dihydrofuran by catalysts such as 
aluminum oxide, bauxite, silica gel, etc. However, if acid catalysts are 
utilized, the yield of dihydrofuran is reduced by the formation of hydroxy- 
butyraldehyde and crotonaldehyde, and in extreme cases, crotonaldehyde 
may in fact be the major product. Condensation and resinification of 
these aldehydes soon inactivates the catalyst. 

Butenediol, of course, can exist in both a cis and trans form; normally, 
the butenediol from hydrogenation is believed to be mainly the cis form. 
The CIS form should dehydrate readily to the cyclic dihydrofuran. 


CH 2 OH 

/ 

HC 


HC 

\ 

CH 2 OH 


-HjO 




CH— CH, 


\ 

0 

/ 


CH— CH, 


However, it is much more difficult to dehydrate the trans form, and rear- 
rangement to the hydroxyaldehyde takes place instead. Dehydration of 

« U.S.PaL 
« D.R.PaL 
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the hydroxyaldehyde and migration of the double bond would yield 
crotonaldehyde. 

HOCH2— CH HOCH2CH2CH2CHO CH 2 ==CHCH 2 CH 0 -f H2O 

II i 

CH— CHjOH CHjCH==CHCHO 

Since more aldehyde, particularly crotonaldehyde, is formed when using 
acid catalysts, it was assumed that the butenediol reacts principally in the 
trans configuration. 

The process for the preparation of 2,5-dihydrofuran from butenediol 
was carried out in an electrically heated Huerden furnace over 25 liters of 
activated aluminum oxide. At 160°C and 70 to 90 per cent conversion, the 
crude dihydrofuran contained 84 per cent of dihydrofuran, 11 per cent of 
water, 1 .5 to 2.0 per cent of crotonaldehyde and about 2.5 per cent of diols. 
Dihydrofuran was of interest as an intermediate for the preparation of a 
number of tetrahydrofuran derivatives and for oxidation to maleic anhy- 
dride. 

Reaction with Hydrogen Cyanide^^ 

Butenediol reacts with hydrogen cyanide to give 1 ,4-dicyanobutene-2, 
the dinitrile of dihydromuconic acid. 

HOCHsCH-^CHCHsOH + 2 HCN CNCH 2 CH«=CHCH 2 CN + 2 H 2 O 

This reaction is carried out in liquid phase at 60 to 80°C in the presence of a 
cuprous chloride-ammonium chloride catalyst. Yields of 70 per cent are 
claimed. Other active alcohols such as allyl and benzyl alcohols are re- 
ported to undergo this novel reaction. An alternative synthesis from 
butenediol via the reaction of sodium cyanide with 1 , 4-dichlorobutene-2 
is also possible. Thus, another route from acetylene to polyamide chem- 
istry is opened up by reduction of the dihydromuconic nitrile to hexa- 
methylenediamine-1 ,6. 

Reactions with Aldehydes 

Butenediol reacts with aldehydes by the usual methods to give acetals 
which will polymerize. 

Perhydroxylation 

Oxidation of butenediol with hypochlorous acid, hydrogen peroxide or 
sodium persulfate gives racemic erythritol. Potassium permanganate or 
potassium perchlorate, in the presence of osmium tetroxide catalysis, leads 
to mm-erythritol (m.p. 124°C).^^ 

D.R.Pat. 612 , m, 

« PB 7416, 
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The perhydroxylation may be carried out by reacting butenediol with 
aqueous hydrogen peroxide in the presence of osmium tetroxide at 30 to 
()0°C. The yield of meso-erythritol is between 45 and 70 per cent. With 
arseni(! or mercury catalysts at 90°C, a viscous oil which apparently con- 
sisted chiefly of irans-dihydroxytetrahydrofuran was obtained, as shown 
by the fact that its benzoate gave a melting-point depression when mixed 
with the benzoate (fl dihydroxytetrahydrofuran prepared from meso- 
erythi’itol. 


H H 

HOCH2CH=CHCHoOH -f H.O2 -f OSO4 HOCH2C— C— CH2OH 

I I 

HO OH 

-H2O 

HO OH 

I I 

HC CH 

I I 

H2C HoC 

\ / 

0 

Although it was believed that the dihydroxytetrahydrofuran was obtained 
from the erythritol by dehydration, it is possible that the reaction may 
involve dehydration to the dihydrofuran, followed by perhydroxylation 
and ring opening to erythritol. 

Efficient catalysts for the addition of hydrogen peroxide are, in addition 
to osmium tetroxide, various compounds of chromium, vanadium, molyb- 
denum, tungsten, arsenic, selenium, mercury, tin and bismuth. Reaction 
generally takes place at 30 to 60°C. 

The addition of hydrogen peroxide to hexene-3-diol-2,5 gave 1,4-di- 
methyl erythritol for the first time in crystalline form (m.p. 161°C). 

These polyfunctional alcohols were of interest as substitutes for glycerin, 
and for the synthesis of plasticizers, textile waxes, alkyd resins, etc. The 
tetnmitrate ester of meso-erythritol was used as a spasmolytic agent for 
heart diseases, and as an explosive. 

Dehydrogenation 

Dehydrogenation of butenediol is reported to give succinic dialdehyde in 
30 per cent yield. Furan is a by-product. No details are available, 
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Reaction with Halogen Acids 

Hydrogen chloride reacts readily with butenediol at 50 to 60°C, forming 
1 ,4-dichlorobutene-2 in 90 to 95 per cent yields. The reaction apparently 
involved the following steps: 

H0CFl2CH=CHCH20H + HCl C1CH2CH=CH— CH 2 OH + H 2 O 



I J + HCl C1CH2CH==CIICH2C1 + H 2 O 

At 0 to 10°C the chlorobutenol is formed, but during distillation, even at 
reduced pressure, is converted to dihydrofuran. Likewise, if the reaction 
temperature is higher than 60°C, dihydrofuran is formed in 80 to 85 per 
cent yields. 

The 1 ,4-dichlorobutene-2 is a very reactive difunctional allyl chloride- 
type halide^^ It is lacrymatory and has some irritant and vesicant proper- 
ties. Chlorination of the l,4-dichlorobutene-2 gives a mixture of tetra- 
chloro compounds. Addition of hypochlorous acid followed by treatment 
with lime yields 1 , 4-dichIorobutane oxide. Sodium sulfite gives the sodium 
salt of butenedisulfonic acid. When heated with alcohols in the presence 
of alkalis, diethers result. Reaction with sodium cyanide gives the dihydro- 
muconic nitrile, but the yields are not good since the reaction mixture tends 
to resinify : this may be due to the formation of 1-cyano-l ,3-butadiene by 
dehydrohalogenation of the intermediate chloronitrile : 

ClCILCH-^CHCIijCl CICH 2 CH— CH--CH 2 CN CHi«CH-CH-=CHCN 

If the reaction is carried out in the absence of air and in a solvent such as 
acetonitrile, increased yields are obtained. 

Reaction with Halogens 

Butenediol adds chlorine to the double bond to give 2,3-dichlorobutane- 
diol-1,4: 

H0CH2CH=CHCH20H + CI 2 HOCH 2 CHCHCH 2 OH 

I I 

Cl Cl 

OH 

CHi— CHCH— CHi 

\ / \/ 

0 0 

which on treatment with alkalis gave butadiene dioxide. 


“ PB 636. 
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Catalytic Oxidation of Butenediol to Maleic Anhydride 

Dihydrofuran obtained from butenediol by cyclic dehydration can be 
catalytically oxidized to maleic acid in 72 to 78 per cent yields^®. 

Attempts to oxidize the butenediol directly, using oxidation catalysts 
such as vanadium, molybdenum and titanium oxides on dehydration cata- 
lysts such as aluminum oxide, in an effort to combine the two reactions, 
were only partially successful, since the dehydration takes place at about 
200°C, the oxidation at 350°C. 

However, by separating the two phases into two different reaction zones, 
each operating at the optimum temperature, yields were increased from 50 
per cent to 60 per cent of theoretical. The 25 to 30 per cent aqueous crude 
butenediol could be used as feedstock. 


Diels-Alder Reactions of Butenediol 

Butenediol can be added to anthracene in the diene synthesis and water 
eliminated to give the anthracenyl tetrahydrofuran derivative. 



CHCH 2 OH 

II 

CHCH 2 OH 


V\zV 


-CH— CH 2 OII 


-CH— CH 2 OH 


m.p. 121° C 



m.p. 181° C 


Reaction with Ammonia and Amines 

Butenediol reacts with ammonia and primary amines in the vapor phase 
at 300° over an aluminum oxide-thorium oxide catalyst to yield pyrroline 
or N-substituted pyrrolines^. 


HC=CH 

I I 

H0CH2CH=CHCH,0H + CtHaNH. + HjO 


C,H, 


D.R.Pat. 709,370; 713,985. 
U.S.Pat. 2,431,650. 
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Reactions of 1 ,4-Butanediol 

Dehydration 

Dehydration to Butadiene. Buianediol can be dehydrated to butadiene 
over a sodium phosphate-phosphoric acid catalyst at 280°C, as previously 
discussed in the Reppe butadiene process (page 101). 

Dehydration to Tetrahydrofuran. Butanediol-1,4 is readily dehydrated 
to tetrahydrofuran as described in detail on page 104. 

Hexanediol-2,5 likewise is readily dehydrated to 2,5-dimethyl tetra- 
hydrofuran Avhich was used in the preparation of anhydrous propargyl 
alcohol. 


CH3CHCH0CH2CHCH3 -> 
OH OH 


CH.—CHo 


CH3HC CHCH3 

\o/ 


+ H2O 


Oxidation 

Oxidation with nitric acid gave succinic acid. This same reaction may 
also be carried out on tetrahydrofuran. 

Reaction with Isocyanates 

Recognizing the value of nylon-type plastics, the LG. Farben-industric 
sought to develop a similar plastic based on acetylene. Abstracts of re- 
ports dated 1941 to 1943 indicate that Dr. Bayer of the Leverkusen plant 
investigated reactions between isocyanates, or diisocyanates, and diamines, 
secondary amines, alcohols and glycols^^. Characteristic reactions were 
as follows; 


C2H5NCO + C2H6OH C2H5NHCOOC2H5 


Hi 

/ 

C.HsNCO + R— N— R, CjHiNHCON 

I \ 

H Ri 


Longer-chain aliphatic diamines and diisocyanates were investigated, 
but the resins produced were not hydrophobic and consequently were 
abandoned. Emphasis was then placed upon the reaction of straight-chain 
diisocyanates and glycols. The similarity between the polyamide structure 


1812. 
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and the polyurethane structure produced from the latter is evident in the 
following formulas : 


/O 


O 


Polyamide C— (CH 2 ) 4 — C— N— (CHz)*— N— 

I I 

H H 

/O O 

Polyurethane ( C— 0— (CH 2 ) 4 — 0— C— N— N- 

I I 

H H 


A diagrammatic formula for the complex polymer has been worked out 
and as given below shows the principal oriented chains with weak cross 
linkages. The unoriented material consisted of twisted chains with irregu- 
lar, or no cross linkages. 


Typical cross link 
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Main oriented 

Chain B 

etc. etc. 


Chain 1 


German reports indicate that the urethane-type polymer was easily 
prepared by reacting 1 , 6-hexanediisocyanate with 1,4-butanediol, the 
isocyanate and hydroxyl groups reacting to form long-chain polymeric 
urethanes. 

The process of preparation is much simpler than for the polyamide type 
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because the polymerization reaction is an addition polymerization rather 
than a condensation polymerization. 

— N=C=0 + H0(CH2)40H -f 0==C=N(CH2)6— N=C==0 + H0(CH2)40H 
II OH 

I II I 

— N— C— 0— (CHj).— O— C— N— (CHs),— N— C— 0(CH04— 0— 

II I II 

O HO 

One mole of 1,6-hexane diisocyanate was added to one mole of 1 ,4-butane- 
diol in a solvent such as monochlorobenzene at 60 to 70°C. The heat of 
polymerization was 52 calories per mole. After one hour of polymerization, 
almost quantitative yields were obtained. The chain length could be 
altered by using other non-reactive solvents such as dichlorobenzene. 


Table IV-1 



"Igamid U” 

“Igamid A’» 

“Igamid B» 

Specific gravity 

1.21 

1.14 

1.15 

Melting point 

183'' 

255** 

o 

O 

Injection molded material 




Brinnell hardness 

[ 750 

1,000 

600 

Impact 

100 

100+ 


Compression molded material — non-oriented 


1 


Tensile strength (kg/cm*) 

1 620 


380 

Cold test (no details) 

-i-8 

1 

+13 

Oriented material 




Tensile, as above 

1,874 

— 

1,050 

Cold test 

-30 

— 

-30 


Table IV-1 lists the physical properties of the polyurethane (^Tgamid 
U^’) from hexamethylene diisocyanate and 1,4-butanediol, and of 6-6 
nylon ('Tgamid A!'), and of polyepsilonamino caprolactam (‘Tgamid 

The tensile strength of the drawn polyurethane fibers was very good, 
7.5 g per denier compared with the normal value of 3.5 for natural silk. 
The water absorption of ^Tgamid was 0.5 per cent after being immersed 
for ten days at 20°; and after immersion for ten days at 80° was only 2.4 
per cent. 'Tgamid U” was fairly resistant to acids. The “Igamids” 
dyed as well as acetates and in this respect were said to be superior to the 
American product. The polyurethane from 1,4-butanediol and 1,6- 
hexanediisocyanate was especially suitable as a replacement for silk, for 
yams, and for bristles. 

A complete discussion of the polyurethane plastics can be found in the 
following books: ‘‘German Synthetic Fiber Developments’^ by Leroy H. 
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Smith (Textile Research Institute, Inc., 10 East 40th St., New York, N. Y.) 
and “German Plastics Practice’’ by DeBell, Goggin and Gloor (Debell and 
Richardson, Springfield, Mass.). 

Reaction with Ammonia and Amines-" 

Butanediol reacts with ammonia in the vapor pha.sc at 300°C over an 
aluminum oxide (95 per cent)-thorium oxide (5 per cent) catalyst to give 
good yields of pyrrolidine. 

CHj— CHs 

I I 

HOCHjCHjOHoCH.OII + NH3 -» CH2 CH, + TIjO 

\N/ 

H 

Primary amines react analogously to yield N-substituted pyrrolidines. 

Esterification 

Butanediol-1 ,4 readily undergoes esterification with either mono- or 
polycarbo-xylic acids. Such esters are claimed to be of great promi.se for 
plasticizers, textile acids, and alkyl resins. 

The reaction with phosgene has been studied and a process worked out 
for the continuous production of 1 ,4-butanediol dichloroformate"". 

O 0 

/ ^ 

2COCI2 + HOCHjCHaCHjCHjOH -> CIC— OCHjCH.CH.CHsOC— Cl + 2HC1 

The reaction takes place at 6 to 8° and yields directly the ester of about 9(1 
per cent purity. The pure, colorless ester can be obtained by moleciilar 
distillation, but ordinary vacuum distillation, even at 1 mm., cauises spon- 
taneous decomposition. 

No information is available as to the intended use of this dichloro- 
formate. However, it is stated that valuable waxes of the polycsarbonate 
type have been prepared from the reaction of phosgene and butanediol. 

Dehydrogenation 

(1) To Diketones. Dehydrogenation of hexanediol-2 , 5 gave acetonyl 
acetone and of octane diol-2,7, octane dione-2,7. 

CHjCH— CH 2 CH 2 CHCH, CHsC— CH.CHjC— CH, 

II II II 

OH OH 0 0 

CH.CHCHjCH.CHjCHjCH— CH, -» CHsC— CHjCH.CH.CHjC— CH, 

OH OH O d 

U.S.Pat. X, 4X1,650. 

»» PB 58619 . 
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(2) To Cyclic Ketones. However, in the presence of suitable catalysts, 
the dehydrogenation of diols does not give the diketone but leads to cycliza- 
tion with the formation of cyclopentenyl ketones which are reduced to the 
cyclopentyl ketone by the hydrogen split off in the first stage of the 
reaction. 

Clh Clh 


lie- 

-OH 

H 

< 

/ 

H 2 C 

1 

CH 2 - 

1 

-C— CH, 

1 

CH. 

1 

1 

H 2 C- 

1 

-CHo 

1 

OH 

1 

CH 2 

c 


c=o 


-1I2O 


C 

/ \ 

CH. C— COCII 3 




CH 3 

I 

c 

CHo CHCOCH 3 


CHo CHo Clh — -CH2 

If the two hydroxyls are 1-4 with relation to each other, the reaction 
gives a cyclopentanone. 

CHaC^—CII.CHoC— CH3 


(^HaCHCHsCHo— CH— CH 

I I 

OH OH 


O O 

CHs 

I 

C 

/ \ 

CH 2 CH 


H2 


CH3 

I 

CH 

/ \ 
H 2 C CH. 


CH. C=0 H 2 C C=0 

This synthesis opens up a new route to long-chain alkyl cyclopentanones, 
such as tetrahydrojasmone, which are valuable perfumes; for example the 
CHsCHC=CH -f w-CtHuO CHsCH~C=C— CHCH 2 C 5 H 11 


OH 


OH 


OH 




Ha 


~HaO 


CH 3 

I 

c 

lUC C— CsH„ 


u> 


CH,CH— CH.CH 2 CH— CHjCbHh 

I I 

OH OH 

CH, 

I 

CH 

. / \ 

CHj CHCbHu 


HsC- 


-C^O 


CH, C=>0 
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ethinylation of n-heptaldehyde with butyne-3-ol“2 and reduction gives 
undecane diol-2,5 which by dehydrogenation gives dihydro- and finally 
tetrahy droj asmone . 

(3) To Lactones. Dehydrogenation of butane-l ,4-diol over a copper 
catalyst at 200-250°, C gave gamma-butyrolactonc instead of the expected 
succinic dialdehyde^^ Reppe considered that this reaction took place by 
a dehydrogenation followed by an internal Cannizzaro type reaction leading 
to butyrolactone. 

CH2— CH2 

HOCH2CH2CH2CH2OH -H. I I 

CHO CHO 


However, an alternative mechanism seems likely in view of the nature of 
the catalyst. 

HOCH2CH2CH2CH2OH HOCH2CH2CII2CHO 

CH2 CHj 

I I 

CIIj CH 

\ /\ 

0 OH 

Butyrolactone was of considerable importance as a chemical intermediate 
for the synthesis of various plasticizers, substitutes for citric acid, etc., 
but even more important was its use in the synthesis of alpha-pyrrolidone 
from which was derived the synthetic blood plasma substitute, polyvinyl 
pyrrolidone or 'Teriston’’ (see page 81). Production of gamma-butyro- 
lactone at Ludwigshafen was approximately 40 metric tons or 88,000 pounds 
per month. 

Liquid Phase Synthesis of Butyrolactone^^ 

Reactor. The reaction chamber consisted of a 500-mm diameter cylinder 
fitted with 40 to 50 tubes, each 20 mm in diameter and 6 m long through 
which steam at 200 atm was passed. The capacity of the reactor was 450 
liters of catalyst. The reaction was carried out at atmospheric pressure. 

Catalyst. The BBE catalyst used was copper activated with chromium 
and deposited on 2 to 3-mm particles of Oppau grade silica gel B as a 
carrier. Three dippings in the saturated nitrate impregnating solutions 
were required for proper pick-up. The catalyst composition was: 20 per 
cent copper, 0.5-1 .0 per cent chromium, and 79-80 per cent silica gel B. 

Activation of the catalyst was carried out after charging the reactor by 

« D.R.Pat. 699,945; 704, m. 

w PB 60902. 


CH2 CH2 

H I I 

CH2 C=0 
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CH2 


-CH2 


CH2— CH2 


CH2OH COOH 


CH2 C==0 

\ / 

o 
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heating at 200° C in a stream of hydrogen at atmospheric pressure until 
reduction was completed. 

Catalyst life was two to four weeks, and regeneration was not possible 
because hydrogen evolution during the reaction caused the catalyst par- 
ticles to be broken into a fine powder. 

Process Operation. Pure butanediol-1,4 (99 per cent from the Buna 
Werke) was kept molten at 40°C in an aluminum storage vessel and pumped 
in at the bottom of the reactor at the rate of 60 to 80 liters per hour. The 
liquid hourly space velocity was 0.133 to 0.178. The lower part of the 
reactor was at 200°C and the upper part at 160°C. The product from the 
top of the chamber was passed through a condenser and the non-condensed 
portion was vented. 

The liquid product had the following percentage composition : 90 to 92 
gamma-butyrolactonc, 1 to 2 tetrahydrofuran, and 3 to 5 water and traces 
of acetone and butyraldehyde. The yield of gamma-butyrolactone was 
about 90 per cent. 

Vapor-Phase Synthesis of Buiyrolactone 

The liquid phase process was superseded by a vapor-phase process which 
was found to be superior. 

Reactor. A general utility cast-iron reactor, which was not designed for 
this reaction, was used at atmospheric pressure. The main part of the 
reactor was about one and one half m in diameter; it had a volume of 
three cubic m and the total volume was four cubic m. 

Catalyst Preparation. An ordinary concrete mixer was used for the 
(catalyst preparation. Into it was placed 450 liters of pumice pellets, 18 
to 20 mm in size. While rotating the blender, a stirred mixture of 30 kg of 
basic copper carbonate, 16 kg of sodium silicate solution (30 per cent) and 
30 kg of distilled water was added, at room temperature. 

All liquid was absorbed by the pumice and the wet stones were poured 
into the reactor. Nine batches were required to fill the reactor. A current 
of nitrogen was admitted and the mass was heated to 100°C ; then during 
two to four hours in a stream of hydrogen to 200°C. This temperature was 
maintained, as was the hydrogen stream until all water and carbon dioxide 
Avere removed. The total operation required about forty-eight hours. The 
catalyst was then ready for use. The life of the catalyst was quite long, 
about two years, the original charge still being in the reactor. It was 
regenerated simply by air oxidation at 200 to 300° C, every four to eight 
months, as the tetrahydrofuran content of the product rose to 5 to 10 per 
cent. Reduction was carried out as described above. 

Process Operation. The endothermic reaction, —14,700 cal/mole, was 
carried out at atmospheric pressure. Preheated hydrogen (140 to 260°C), 
at the rate of 1,200 to 1,400 cubic m per hour and preheated (40°C) pure 
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butanediol-1 ,4 (99 per cent from Buna werke) at the rate of 60 to 80 liters 
per hour were mixed in a copper-lined vaporizing chamber at 200° C. This 
gaseous mixture was passed in at the bottom of the catalyst chamber which 
was heated to 230 to 250°C. The liquid hourly space-velocity was 0.015 
to 0.020. The products at 200°C were removed at the top, led into a 
cooler, and the condensed liquid withdrawn into storage tanks provided 
with vents. 

The non-condensed material from the cooler was passed into a knock-out 
tank. Part of the gas, 50 cu m per 90 kg of product, was vented to the air, 
and the rest returned through the h3^drogen pump as recycle gas. The 
trapped-out liquid went to the product storage tank. 

The production rate was 80 liters per hour of lifiuid, having the following 
percentage composition : 90 to 93 gamma-butyrolactone 1 to 3 tetrahydro- 
furan, and, 4 to 8 water. 

The yield of gamma-butyrolactone was about 90 per cent, l^utyro- 
lactone was determined by titration with base, tc'trahvdrofuran by distilla- 
tion, and water by distillation with benzene. 

Purification of gamma- But ijrolactone. Tetrahydrofuran, ^^*ater, and 
traces of impurities (acetone and butyraldehyde) were removed by simple 
distillation at atmospheric pressure in a cast-iron apparatus. Pure butyro- 
lactone was then obtained by vacuum distillation at a pressure of 2 to 20 mm 
of Hg. The 40-plate, bubble-cap column (plates 250 mm apart) was 
operated at a reflux ratio of 1 : 1 . 

The product boiled at 65°C at 4 mm pressure and was colle(ded at the 
rate of 500-1,000 liters per hour; it was 99 per cent pure and contained one 
per cent water. gamma-Butyrolactone is a colorless liquid which boils at 
203°C at atm pressure, and which melts at about ~41°C; 1.4306; 

dlo 1.1297. 


Reactions of gamm.a-Butyrolactonk 

Reaction with Sodium Sulfide 

The reaction of anhydrous sodium sulfide with gamma-butyrolactone at 
170°C, or higher, opens the lactone ring and couples two molecules through 
a sulfur linkage to form the disodium salt of thiodibutyric acid (di-n-propyl 
sulfide-3, 3 '-dicarboxylic acid). Acidification gives the free acid.®'^ 


2 


CHo— CH.2 

I I 

CH 2 C=0 + NaoS 

\ / 

0 


170'' 


NaOOC(CH2)3S(CH2)3COONa 


H8S04 


1 


80°C 


HOOC(CHi)jS(CHj)sCOOH 


»» PB 58440 (FIAT 946). 
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Manufacture of this acid was started at Ludwigshafen in 1942, and 
by 1944 was at the rate of 12 to 15 tons per month. Thiodibutyric acid 
in the form of its esters was of considerable importance as plasticizers for 
polyvinyl chloride resins. One report states 
^‘It was proved in extensive^ experiments that some esters of thiot^ther 
carboxylic acids are ‘Igelit’ (polyvinyl chloride), plasticizers with outstand- 
ing qualities. From this series of products, some have proved to be the 
qualitatively best 'Igelif plasticizers known at present. Tlastomoll TV’ 
and TAH’, two products which have been produced and marketed for some 
time, are the most important.” 

The trade name, chemical constitution and usage of three esters of thio- 
dibutyric acid are listed : 


Name 


“Plastomoll TAH” 
“Plastomoll TB” 
“Plastomoll TV” 


Ester 

Ethyl hexyl 
Butylene glycol 
Fischer Tropsch 
hols (a - Cy) 


1942 


i 1.0 

iilco-| 65.2 


Tons Used in 


1943 (1st half) 


2.0 

2.1 

39.3 


Batch Preparation of Disodium Thiobutyrate. Raw Materials. The 
gamma-butyrolactone used was of 99 per cent purity, while the sodium 
sulfide was 95 per cent pure and contained 5 per cent salts. It was neces- 
sary to use anhydrous sodium sulfide to get best results. Since the common 
hydrate could not be dried readily, sodium sulfide prepared at Ijeverkusen 
from the hydrogenation of Glauber’s salt was used.*^^ The material was a 
red powder. The presence of water would cause undesirable side reactions 
as shown below: 


Na 2 S + H.O NaSH + NaOH 


HaC CHo 

1 1 

H 2 C— CH 2 

1 1 

IhC CH 2 

1 1 

1 1 

H 2 C C=0 -f NaSH - 

1 1 

H 2 C c=o 

H.C C-0 

\ / 

1 1 

\ / 

0 

SH ONa 

s 


Thus, with wet sodium sulfide thiobutyrolactone was obtained as by- 
product. This material has an extremely foul odor. 

Reactor. The reaction vessel was a venuleth, a standard German appa- 
ratus. The one used for thiodibutyric acid was a 3-cu m, cast-steel, 
jacketed cylinder, four m long and one m inside diameter. It was built for 
vacuum and six atm pressure. 

Modern Plastics, 23, 168-9 (1946). 

36 PB 68266 {BIOS 865); PB 63696 {BIOS 661). 
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Process Description. Into the reactor was charged: 700 kg (8.1 kg- 
moles) of butyrolactone, and 160 kg (2.1 kg-moles) of sodium sulfide. The 
reaction was carried out at atmospheric pressure. This charge was first 
heated at about 130 to 140°C with steam (four atm) in the jacket for four 
hours, then at about 160 to 170°C with six to eight atm of steam for four 
hours. 

At the end of this time, a sample was removed, dissolved in water, and 
tested with ten per cent hydrochloric acid. If hydrogen sulfide was 
evolved, the reaction was not yet completed. Generally, however, the 
sodium sulfide had reacted completely at this point. 

When the reaction was over, the remaining excess butyrolactone was 
distilled using four atm of steam pressure for heating and a distillation 
pressure of about 720 mm of Hg. A greater vacuum would cause entrain- 
ment of product. Constant stirring was maintained and the disodium 
salt was obtained as a powdery material. 

Of the 860-kg total charge, 350 kg of butyrolactone was recovered, leaving 
510 kg of product. This was a yield of over 97 per cent for the disodium 
salt. Thus, for a 100-kg yield of disodium salt, 69 kg of butyrolactone 
was required. This product was obtained in the form of dry, gray-colored 
pellets, about one to two mm in diameter. 

Acidification of the Disodium Salt to the Free Acid. In a 12,000-liter 
mixing vessel was dissolved 1,400 kg of the disodium salt in 7,000 kg of 
water by boiling for one hour with stirring. The solution was cooled to 
80°C and 1 ,000 kg of 65 per cent sulfuric acid was added during one hour, 
while maintaining constant agitation; 100 to 150 kg of activated carbon 
(carboraffin) was added during one half hour at a temperature of 80 to 90°C. 
This mixture was filtered hot, the cake was washed with 100 liters of hot 
water, and the combined filtrates were cooled with stirring to 15*^0 in a 
12-cu m vessel. The precipitated material was filtered cold, and washed 
with 100 liters of water; the filtrates were discarded. The crystalline 
product was dried in a tray dryer at 40 to 50°C. Removal of water re- 
quired about ten hours. 

The yield was 900 to 950 kg, 77 to 82 per cent for the acidification step. 
The purity of the white, crystalline product was 98 to 99 per cent ; its color 
number was 8-10, its melting point, 99^0. Most of the loss in yield was 
due to the solubility of the acid in water, from which it was precipitated. 

A study had been initiated on the development of a continuous process 
for the preparation of thiodibutyric acid, but apparently had not been 
completed. 

Oxidation of Thiodibutyric Acid to Sulfone Dibutyric Acid. Thiodi- 
butyric acid is readily oxidized to the sulfone dibutyric acid (di-n-propyl 
sulfone-3,3'-dicarboxylic acid) with hydrogen peroxide, or other oxidizing 
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agents. On a commercial scale the oxidation can be carried out in almost 
quantitative yield by chlorination in aqueous solution at room tem- 
perature.*® 

HOOC(CH2),S(CHj),COOH -t- 2Cb + 2 H 2 O 

H00C(CHs),S02(CH!),C00H + 4HC1 

A pure, chlorine-free acid of melting point 196°C is thus obtained. Instead 
of using a purified thiodibutyric acid, the crude fused mass from the butyro- 
lactone-sodium sulfide reactor may be dissolved directly in water and chlo- 
rinated until the melting point of the precipitated sulfone dibutyric acid 
reaches 196°C. The acid may be recrystallized from water in which it is 
soluble to the extent of about 10 per cent at 100°C, but very insoluble in 
the cold. 

It is claimed that the sulfone dibutyric acid is a good softener for cellulose 
acetate. A series of esters have been prepared. Those from the mono- 
hydric alcohols are generally crystalline solids; esters of dihydric or poly- 
hydric alcohols are resinous, tough products resembling alkyd resins and 
are generally harder than the corresponding products prepared from other 
dicarboxylic acids. 

Reaction with Sodium Disulfide 

Reaction of sodium disulfide with gamma-butyrolactone takes place in a 
manner similar to that described previously for the reaction of sodium sul- 
fide to yield the disodium salt of dithiodibutyric acid (di-n-propyl disulfide- 
3,3'-dicarboxylic acid).^^ 

NaOOC(CH2)3— S— S— (CH2)3COONa 
H+ 

C00H(CH2)8— S— S— (CH2)8C00H 

The free acid has a melting point of 108°C. Very little has been reported 
on reactions or uses of this acid. Upon chlorination, it is converted to 
t/;-sulfobutyric acid (see page 158). 

Reaction with Sodium Hydroxide 

The fusion of sodium hydroxide with gamma-butyrolactone at 220 to 
230®C produces the disodium salt of oxydibutyric acid (di-n-propyl ether- 

I.G. Farbenindustrie patent proposal O.Z.-l 2,404; PB 605; PB 58440; Fr.Pat. 
SSSfiSS; SwissPat. 280,600; DM.Pat, 769,48$. 

Fr.Pat. 888,638; SwissPat. 280,600; D.R.Pat. 769,488; PB 58440. 


CH 2 --CH 2 +Na2S2 

2 I I 
CH2 c=o 

\/ 

0 
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3,3'-dicarboxyIic acid). Acidification gives oxydibutyric acid, the oxygen 
analog of thiodibiityric acid. 


CH2 — CH2 

2 CH2 C==0 + 2NaOH 2HO(CHj),COONa 

\ / 

O 


Na00C(CH:)30(CH»)5C00Na 

H00C(CH2)30(CH2)3C00H 


The free acid and its salts are very soluble in water and considerable 
losses occur in the acidification step. Oxydibutyric acid boils at 196 to 
223°C/1.1 to 1.2 mm and melts at 81°C. 

Esters of oxydibutyric acid were of interest as plasticizers for polyvinyl 
chloride. Although the esters of the thiodibiityric were generally preferred, 
there was some belief that they oxidized too readily and that eventually the 
esters of the oxydibutyric, although somewhat more volatile, might prove 
superior. The use of oxydibutyric acid as a component in nylon synthesis 
was not (‘.onsidered promising because the oxygen bridge was thermolabile 
and tended to split back to gamma-butyrolactone which acts as a chain 
terminator in the nylon process. 

Oxydibutyric acid has a good taste and is tolerated well by the human 
body. It appeared to have promise as a substitute for citric acid in bev- 
erages and for tartaric acid in baking powder. 

This acid was apparently never manufactured on a commercial scale, 
although quantities of several hundred pounds were prepared for evaluation. 


Reaction with Sodium Sulfite 

Butyrolactone is readily converted to the ?c-sulfobutyric acid by heating 
with aqueous sodium sulfite at 150°C or higher®^. 


CII2 CH. 


Cn.> C=0 + Na80a 
O 


NaOC— (CH2),S03Na 

II 

O 


The course of the reaction may be followed by titration of the sulfite used 
up. With the usual sodium bisulfite solution (probably 30 per cent con- 
centration) neutralized with sodium hydroxide to the neutral salt, the 
reaction is completed in 2 to 3 hours at 180°C. 

The sodium salt may be converted to the free acid via the barium salt 
and decomposition with sulfuric acid. However, a better synthesis of the 

I.G. Farbenindustrie patent proposal O.Z.ASySSS; PB 633. 
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sulfobiityrie acid is by chlorination in aqueous solution of the dithiodi- 
butyric acid*^^. 

H00C(CH2)3S— S(CHo)3COOH + ryCU + 6H2O 

2 H 00 C(CHo) 3 S 03 n + lOHCl 

Aft(U‘ saturating the aijueous solution with chlorine at room temperature, 
the water and hydrochloric acid are distilled off under reduced pressure. 
The pure sulfobiityrie acid hydrate crystallizes in almost quantitative 
yield. 

Reaction with Alkali Cyanides 

Fusion of gamma-butyrolactone with sodium or potassium cyanide at 
180°C' gives the alkali salt of gamma-cyanobntyric a(‘id in 90 pei* cent yield. 
C^Ho CIU 

I i 

CnF. r =0 + NaCN (.'N(CH2)3COONa 

\ / 

O 

However, no satisfactory method of isolating the free cyanobutyric acid 
was developed. Cyanobutyric acid is unstable and when heated above its 
melting point easily rearranges to its cyclic isomeride, glutarimide. 

CH 2 

/ \ 

CH2 CH. 

CN(CH2)3C00II - 

\ /' 

N 

11 

Cyanobutyric acid could be converted to glutaric acid dinitrile by cata- 
lytic dehydration in the presence of ammonia. The results obtained were 
not satisfactory due to the ease of rearrangement to glutarimide with the 
formation of resinous impurities ivhich plugged up the apparatus and de- 
activated the catalyst. 

(jlutarimide, however, may be isolated in good purity by distillation of 
the free cyanobutyric acid, or by heating of the cyanobutyric acid followed 
by recrystallization of the residue. 

CH 2 

/ \ 

CHi CHs 

0 =<C C ==0 + CN(CHj),CN + 2H5O 

\ / 

N 

H 


I.G. Farbenindustrie patent proposal O.^T. -75,5:84; TB 632. 
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The conversion of this glutarimide to the dinitrile can then be carried 
out in the vapor phase at 320 to 400°C. 

With 12 moles of ammonia per mole of imide the yield of dinitrile was 90 
per cent. Aluminum oxide, aluminium phosphate, and boron phosphate 
were satisfactory catalysts. 

Catalytic reduction of the glutaric dinitrile gave pentamethylene diamine, 
piperidine and higher amines. Various types of cobalt catalysts, in par- 
ticular Raney cobalt, were effective. 

CN(CH 2 ) 8 CN + 4H2 — NH 2 (CH 2 ) 6 NH 2 + 65.8 cal 

CHi 

/ \ 

CHs CHa 

I I -f NHa + 69.3 cal 

CHa CHa 

\ / 

N 

H 

To prepare pentamethylene diamine, reduction is best carried out with- 
out a solvent. The yield depends essentially upon the rate of hydrogena- 
tion. The more rapid the reduction, the less piperidine is formed. Hence, 
a purified starting material and an active catalyst are necessary. The 
formation of the higher amines can be largely suppressed by the addition 
of ammonia. Apparently, the tendency toward formation of the six- 
membered ring is so great that even tremendous excesses of ammonia have 
only an insignificant effect on the yield of piperidine. Temperature, like- 
wise, has a very small effect between 60 and 120°C. At SO'^C, which was 
the most favorable reaction temperature, the yield of pentamethylene di- 
amine was 62 per cent with 34 per cent of piperidine formed simultaneously. 

The use of organic solvents such as methanol, tetrahydrofuran, and 
dioxane favored the formation of piperidine as well as the higher amines. 
Addition of ammonia repressed the higher amine formation and thus in- 
creased the piperidine yield at the expense of the higher amine yield. In 
this manner, it is possible to obtain 85 per cent piperidine with 10 per cent 
of pentamethylene diamine as the by-product. The presence of water 
increases the yield of the higher amines. 

Reduction of cyanobutyric acid or its esters leads to alpha-piperidone, 
while hydrolysis gives glutaric acid. 

cm 

/ \ 

CHi CH2 

1 I 

CHa C=0 

\ / 

N 
H 


CN(CH2)8C00H ^ 

1 b " 

COOH(CHj),COOH 
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The use of 5 to 10 per cent glutaric acid-hexamethylene diamine salt in 
the production of 66 nylon is claimed to give more thermally resistant 
polymers which do not discolor so readily, although tenacity is reduced 
slightly. The advantages claimed are ascribed to chain termination by 
formation of a stable six-membered ring by elimination of water. Poly- 
mers so formed are more reproducible. 


II 

H00C(CH2)3C0N—(CH2)6— N 


No experimental details for these reactions have been located. 

Reaction with Halogens 

Reaction of chlorine with butyrolactone at 130 to 150°C gives good yields 
of alpha-chloro-gamma-butyrolactone^®. 

CHa CHs CH 2 CHCl 

11 ..II 

CII.. C=0 + CI 2 CH 2 C=0 + HCl 

\ / \ / 

o o 

The alpha-chloro-gamrna-butyrolactone is a water-white liquid, insoluble 
in water, and when pure is completely stable. Its boiling point is 90 to 
93°C/0.5 mm. It has been used as a starting material for the synthesis of 
substituted butyric acids and pyrrolidones. 

Reaction with Halogen Acids 

Aqueous hydrochloric acid opens the lactone ring with the formation of 
gamma-chlorobutyric acid^\ 

CH2 CH2 

I I 

CHa C==0 + HCl > C1(CH2),C00H 

\ / 

0 

which has been used as an acid-splitting agent in the preparation of urea 
condensation resins. 

« PB 610. 

" PB 610; PB 13366. 


CH,— C 

/ \ , 

> CH 2 N— (CHs)#— N- 

\ / 

CH 2 — C 
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Reactions with Hydrocarbons 

Butyrolactone reacts easily with aromatic compounds under the influence 
of catalysts of the Friedel-Crafts type.'** For example, benzene, butyro- 
lactone, and aluminum chloride give phenylbutyric acid and phenylenedi- 
butyric acid. The phenylbutyric acid may be cyclized to tetralone. 


CH2 Clh 


CH2CH2CH , >00011 (0112)300011 


/ \ 

i 1 

/\/ 




+ CH. C=0 




/ 






[ 


OHo 
/\/ \ 


CHj {CH2),C00H 


\/\ /CH, 
C 


O 

Reactions with Alcohols and Phenols 

With Molar Quantities of Hydrogen Halides. Alcohols react with 
gamma-butyrolactone in the presence of molal quantities of hydrogen 
halides to furnish gamma-halobutyric acid esters.'” 

KOH + HX + CII. CHz > XtCHslaCOOR + H 2 O 

I I 

CII 2 c=0 

\ / 

0 


Apparently no uses for the gamma-halobutyric acid esters per se were 
developed. By heating with secondary amines, gamma-dialkyl (or di- 
cycloalkyl) aminobutyric acid esters were formed. A series of these amino- 
esters were prepared and found to be of interest as softening agents and 
stabilizers for polyvinyl chloride. 

With Sulfuric Acid or Sulfonic Acids. The reaction of alcohols with 
butyrolactone in the presence of about 2 per cent of sulfuric acid, sodium 
acid sulfate, or an aromatic sulfonic acid produces gamma-alkoxybutyric 
acid esters'*^ 

2 ROH -I- CH 2 CH, ► R0(CH2)8C00R + 2 H 2 O 

I I 

CHi C=-0 

\ / 

0 


« PB 13366. 

« PB 610; PB 634. 

I.G. Farbenindustrie patent proposal O.Z.-1S,044- 
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The alkoxy butyric acid esters are generally oily liquids if the alcohol is 
monohydric ; water-soluble resins if dihydric, and water-insoluble resins if 
polyhydric. 

With Sodium Alkoxides. The sodium salt of gamma-alkoxybutyric acid 
is formed when butyrolactone reacts with a molal equivalent of a sodium 
alkoxide dissolved in an alcohol. 

RONa -I- CH., CUo > KO(CH,)3C()ONa 


CHo C=0 

\ / 

o 

With phenolates, th(' salts of phenoxybutyric acid are formed. The cobalt, 
manganese, zinc; and lead salts are of interest as siccatives (Saligins). 
Esters of polyfunctional alcohols had some value as dyeing assistants. 

Reactions with Ammonia and Amines 

Pyrrolidone and N-Substituted Derivatives. Butyrolactone is readily 
converted by reaction with anhydrous ammonia under pressure in an auto- 
clave to alpha-pyrrolidone. 

Clh CHo CHo CAU 

II 11+ H.O 

CU, c=0 -f NH3 ^ EH. E=0 

\ / \ / 

0 N 

H 

Batch Process. Butyrolactone and anhydrous ammonia in the molar 
ratio of 1 : 1.25 were heated in a stirred iron autoclave of 1.7 cu m capacity 
at 230°C for 8 hours. Initially, the pressure attained was approximately 
40 atm, decreasing to 20 to 25 atm as the reaction proceeded. The alpha- 
pyrrolidone was purified by vacuum distillation. The yield based on 
butyrolactone w^as as high as 89 per cent. Approximately 0 tons/month 
were manufactured although capacity was somewhat more* than 30 
tons/month. 

Continuous Process. Although the batch process was never operated to 
full capacity, it was believed that new applications of the polyvinyl pyr- 
rolidones, and of interpolymers of vinyl pyrrolidone and other vinyl poly- 
mers were so promising that a continuous process for the preparation of the 
necessary alpha-pyrrolidone would eventually be required. The following 
process was worked out. 

Ten liters of butyrolactone and 4.5 liters of anhydrous ammonia, pre- 
viously cooled to -~15®C, were mixed in a pressure vessel. The ensuing 
reaction which produces gamma-hydroxy butyramide raises the tempera- 
ture to 40°C, sufficient to keep the amide (m.p. 40°C) molten and increases 



1^4 ACETYLENE AND CARBON MONOXIDE CHEMISTRY 


the pressure to 8 to 10 atm. The mixture is pumped through a preheater, 
4 m long and 10 mm inside diameter, where it is heated to 180°C by 20 atm 
steam. It then passes to a stirred horizontal pressure reactor, 150 cm 
long and having a volume of 17 liters. The discharge valve is located so 
that the reactor is only half filled. The reaction mixture is heated to 250°C 
and continuously discharged to a vertical high pressure pipe of 10 liters 
capacity where the reaction was completed at 250°C. The operating pres- 
sure in both reactors is approximately 80-90 atmospheres. The product 
passes to a low pressure separator from which it is continuously discharged. 
At present, the excess ammonia is vented. 

The yield of alpha-pyrrolidone is 90 to 95 per cent of theoretical at a 
throughput of 15 liters per hour, or 8 tons/month. 


N -Substituted Pyrrolidones 

Primary amines react similarly to ammonia to yield gamma-hydroxy- 
butyric acid amides which readily cyclize to the N-substituted alpha- 
pyrrolidone. With one mole of a secondary amine, reaction usually stops 
at the hydroxy butyric amide stage. However, with two moles of certain 
amines such as pyrrolidine, further reaction may occur to give the gamma- 
pyrrolidyl butyric acid pyrolidide. 






\ 

/ 


+ 


y 

N— CH2CH2CH2CON 

\N/ 



/ 

\ 


H 0 


The latter reaction can be effected with both primary and secondary 
amines by carrying out the reaction at 160 to 200°C in the presence of acids, 
or salts having an acid reaction in aqueous solution. 

The introduction of a pyrrolidone ring into a molecule imparts a hydro- 
philic character which in some cases may even extend as far as causing 
solubility in water. The introduction of the pyrrolidone residue can be 
accomplished in several ways. 

Aminoethylpyrrolidone can be prepared in 85 per cent yield by the reac- 
tion of a fivefold excess of ethylene diamine with butyrolactone. Hexa- 
methylene diamine gave similar results. 


CH* CH2 

NH2(CH2)nNH2 -f I I 

CH2 C ==0 

\ / 

o 


CH2— CH, 

/ I 


NH,(CHj)„— N 

\ 



0 


Oa the other hand, by using two moles of butyrolactone per mole of diamine, 
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two pyrrolidone residues can be introduced. For example with diethylene- 
triamine, 

CHj CH2 

NH2CH2CH2NHCH2CH2NH2 + 2 1 I ► 

CH2 C =0 

\ / 

o 

hr 

0 o 

With these compounds, the presence of the amino or imino group offers a 
possibility of further reaction. 

Ethanolamine reacts readily with butyrolactone to give N-hydroxy ethyl 
pyrrolidone which with thionyl chloride gives beta-chloroethyl pyrrolidone, 

CHs — CHs 

I I 

HOCH2CH2NH2 -f- CH2 C — 0 ► 

\ / 

0 

CH2 — CH2 

I I 

CH2 c==o 
\ / soch ^ 

N 


CH2 

I 

CH2OH 

which may be used to introduce a pyrrolidone group by alkylation. 

Pyrrolidone reacts with concentrated sodium hydroxide solution in ace- 
tone to give N-sodium pyrrolidone which reacts with alkyl halides, for 
example with epichlorohydrin in alcohol. 

CH2 — CH2 


CH2 — CH2 

I I 

CH2 C =0 
N 

CH2CH2CI 


CH2 c=o 

\ / 

N 

H 


-f- NaOH 


CH, CH2 


H2O + 


CH2 C= 

\/ 

N 


=0 


ClCHidH^' 


H-CH» 


/ 


CtHiOH 


C2H5eCH2CHOHCH2N 

V 
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The addition of gamma-aminobutyric acid to acrylonitrile gives beta- 
cyanoethyl-gamma-carboxypropylamine which readily cyclizes to beta- 
cyanoethyl-N-pyrrolidone; this on reduction gives gamma-aminopropyl 
pyrrolidone. 


NH2(CH.j) 3COOH -f CNCH==CH2 > (hMCHoCHoNHCCH.^aCOOH 

1 / — ^ 

CNCHjCHjN 

yJ 

ih 0 
NH.>(CH2)3N 

Y“ 

o 

gamma-Aminobutyric Acid Derivatives. Although gamma-aminobu- 
tyric acid has a great tendency to cyclize to alpha-pyrrolidone by elimina- 
tion of water, it can !)e prepared by hydrolysis of alpha-pyrrolidone which 
proceeds smoothly with aqueous calcium hydroxide at 120^^0. 


CUr-Clii 

I I 

CH2 c=o 

N 

11 


+ 




(NH2(CH.>)3COO)2Ca 


HaSOj^ 


2NH2(CH2)8C00H 


The calcium salt was used in the preparation of “Retardan N,” a setting 
retarder for plaster of Paris. 

gamma-Aminobutyric acid reacts readily with cyanates and with 
acrylonitrile. 


0 

/ 

NH,(CH,)3C00H + KCNO > NH.C— NH(CH.)3COOH 

NH2(CH2),C00H + CNCH=CHj >■ CNCHiCH2NH(CH2),COOH 


Acetylation with acetic anhydride gives N-acetyl-gamma-aminobutyric 
acid. With the anhydrides of dicarboxylic acid, diacylirainobutyric acids 
are obtained, 
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0 

c 

/ \ 

R 0 + NH2(CH2)3C00H 

\ / 

0 


0 

/ 

c 

/ \ 

R N(CH2)3C00H > 

\ / 

c 

0 


0 

// 

COOHR-— C—NII(CH2)3C00H 

which on saponification yield dibasic amido acids. The possibility of 
utilizing these acids and their esters for superpolyamides, as softening 
agents, and for similar purposes was under investigation. 

Saponification of N-substituted pyrrolidones to the substituted amino- 
butyric acid is more difficidt and must be carried out under more drastic 
conditions. 


C^Ho Clh 

1 1 

CHo (^=0 


N 

R 


RNHCH 2 CH 2 CH 2 COOH 


The di-N-substituted aminobutyric acid derivatives may be prepared 
from gamma-chlorobutyric acid or its esters by heating with secondary 
amines. 


CI(CH2)3C00H + > R 2 NH R2N(CH2)3C00H + R.NH HCl 

C1(CH2)3C00R +2 R'NH R’N(CH 2 ) 3 COOR + R 2 NH HCI 

An extensive series of dialkyl and dicycloalkyl aminobutyric acid esters 
were prepared and found to be of interest as softening agents and stabilizers 
for ^Tgelit.^^ 

5- Valerolactone 

In the reaction of 1,4-dichlorobutane with alkali cyanides to prepare 
adiponitrile, 5-chlorovaleronitrile is a by-product; if desired, its yield may 
be increased by altering the experimental conditions. 

C1(CH2)4C1 -f NaCN C1(CH2)4CN 

Hydrolysis of 6-chlorovaleronitrile with water under pressure at 150 to 
180®C gives almost quantitative yields of a mixture of approximately 
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70 per cent monomeric and 30 per cent polymeric lactone. 5-Valerolactone 
boils at 110 to 115®C/18 mm and gives a hydrazide melting at 107®C. 


C1(CH2)4CN 


HiO 


0 


-h NH4CI 


6-Valeroactone can also be formed by the addition of carbon monoxide 
to tetrahydrofuran (see page 277). 


CH2 — CH2 

I I 

CH2 CHj 
O 


+ 


CO 


o 


It undergoes all the previously described reactions of gamma-butyrolactone. 

Of particular interest was the splitting of 5-valeronitrile with alkali 
cyanides : 


+ NaCN ► CN(CH 2 ) 4 C 00 H 

O 


The resulting 5-cyan ovaleric acid boiled at 160°C/0.1 mm and gave an 
ethyl ester boiling at 138 to 140°C/18 mm. 

Esters of cyanovaleric acid could be reduced in good yield to 5-capro- 
lactam with Raney cobalt, but reduction of the free acid proceeded with 


CN(CH2)4C00H 


CH 2 



CH2 I 


I CH, 

CH2 / 

\ / 

N 

H 


CHa 



N 

H 


Ha 

Nir 


NH,(CH,).NH, 
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greater difficulty. Hexamethylene imine is formed as a by-product and 
in the presence of ammonia is aminated by ring opening to hexamethylene 
diamine^^. 


Reactions of Aminopropynes and Aminobutynes 

In general, the normal reactions of both the — C=CH bond and the 
amino group can be carried out with the aminopropynes and aminobutynes. 
Partial hydrogenation to the vinyl amino compound or complete hydro- 
genation to the saturated amine are both possible.^® 

Ri Ri Ri 

\ \ \ 

NCHC^CH ► NCHCH=CH2 ► NCHCH^CHs 

/I /I /I 

Ra CHs Ra CHa Ra CH, 


Water may be added in the presence of mercury salts to either the amine 
or the quaternary base derived therefrom 


Ri 


\ 


NCH,— C=CH 


/ 

Ri 

H. 

\ 

Rj— N— CH,C=CH 

/I 

Rs X 


Ri 


l~— /^TT HjO 


\ 


Hg^ 


Ra 

Ri 


/ 


N— CHaCCHs 


O 


HsO 




Ra— N— CHaC— CHa 


/I 

Ra X 


o 


The addition of alcohols, hydrogen cyanide, hydrogen halides, etc., is 
also claimed. The acetylenic amines can act as vinylating agents for 
alcohols, mercaptans, etc. Substituted 2-aminobutadienes are formed by 
catalytic rearrangement of aminobutynes:^® 

CH,CHC=CH ► CHa=C— CH=CH 2 

1 I 

CHjN— C.H, CHa— N— C,Hj 

A small quantity of the isomeric pyrroline may be formed at the same 
time from the secondary aminobutynes : 

CHsCHCsCH > CH2=C— CH=CH2 CH===CH 

I I II 

R,N NH and CHj CHa 

H I \ / 

Ri N 

Ri 


“ I.G. Farbenindustrie patent proposal O.Z.-1S,089. 
*• D.R.Pat. 765,068; Fr.Pat. 846^75. 

« Fr.Pat. S10fi76. 

**FrJPat. 880,876. 
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S-Hydroxytetrahydrohiran 
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Tetrahydrofuran oxide 



Reactions of Butanediol 
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Pyrrolidine 



Reaction Pioductc from Acetylene and Acetaldehyde 
CH,CHO -I- HCsCH 
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Reaction Pro<htcte from Acetylene and Acetone 
CH, 
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Chapter V 
Cyclopolyolefins 

iNTHODUCniON 

Perhaps the most intriguing development in the whole field of acetylene 
chemistry was the discovery by Reppe in 1940 that acetylene under pres- 
sure in the presence of certain nickel catalysts could be polymerized to 
cyclic hydrocarbons consisting primarily of cyclooctatetraene and higher 
polymerides.* 

Previously, the classic^al work of Perthelot^ had shown that at high tem- 
peratures, acetylene would polymerize to form benzene, naphthalene, di- 
phenyl and other aromatic hydrocarbons. Later, Mayer^, Zelinski'”^ and 
Schwarz^ obtained good yields of benzene and toluene by shock-cliilling the 
products from the pyi'ogenic treatment of acetylene. 

Aliphatic polymers of acetylene, including vinyl acetylene, divinyl 
acetylene, had been produced by Nieuwland and his coworkers^ by passing 
acetylene through aqueous solutions of ammoniacal cuprous salts. 

Willstattei* and his coworkers® synthesized cyclooctatetraene for the first 
time in order to investigate its uiisaturated character with particular refer- 
tmce to Theile’s theory of partial valencies, and to compare its stability and 
reactivity with that of benzene. Their synth(^sis was extremely tedious 
and painstaking and has usually been regarded as one of the (‘lassies of 
organic degradative studies. Starting with pseudopelletierine, an alkaloid 
found in the bark of the pomegranate tree, they were able by hydrogenation, 
exhaustive methylations, and decompositions of the (quaternary ammonium 
salts to obtain cyclooctatriene. The triene was brominated, and reacted 
with dimethylamine ; the amine was methylated, and the quaternary am- 
monium hydroxide decomposed to give cyclooctatetraene. The steps 
involved are as follows: 

* This work has just be(;ii published by Reppe, Schlichting, Klag(n* and Topeb 
Awn., 660,1 (1948). 

^ Conipt. rend.f 111 , 471 (1890); Ann. chim. phi/s. (4), 9 , 446 (1866); Ann. dhim. 
phys. (4), 12 , 54 (1867); Ann., 139 , 273 (1866). 

* Rer., 46 , 1609 (1912) ; 46 , 3183 (1913) ; 47 , 2765 (1914) ; 60 , 422 (1917) ; 61 , 5171 (1918) ; 
63,1261 (1920). 

3 Chem. Ccntr.,1923, 1, 1170;Brr.,67',264 (1924) ; mid., 177, 882 (1924). 

^ J. praki. Chem. (2), 166 , 205 (1940) ; 168 , 2 (1941) ; 161 , 137 (1942). 

s J,Am.Chem.Soc.,bZ,mi (1931). 

0 Ber., 44 , 3442 (1 911) ; 46 , 517 (1913) . 
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HoC— CH CH.> 

HoC N— CH3 C =0 

H2C--CH CHo 

Pseudopelletierine 
{Methyl granalonine) 

j electrolytic 


Na + CaHsOH 


IhC—CAl CH 

lUC N— CH3 CH 

H2C— CH CH2 

N -Methyl granatenine 


CH=CH— CH 

I II 

H2C CH 4-- 

H2C CH=CH 

Cyclooctatriene \Br3 


p + ht/ 

/ 

H2C CH CH 

CHa 

/ 

^ H2C HON CH 

\ 

CHa 

H2C CH CH, 

CH3 

HO— N— CHa 
H2C— CH— CH 

I II ^ 

1 ?^ H2C CH 

H2C— CH=CH 


H2C— CH CH2 

I I I 

H2C N— CHa CHOH 

i I I 

HjC— CH CHj 

N -Methyl granatoline 
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From 100 kg of bark, the world’s supply at that time, they obtained 
100 g of pseudopelletierine, which in turn gave 3 to 4 g of cycloocta- 
tetraene. 

In 1940 Reppe made the surprising discovery that acetylene under pres- 
sure and the influence of certain nickel compounds, especially nickel halides 
and nickel cyanide, in the presence of solvents {e.g., tetrahydrofuran), 
polymerized to cyclopolyolefins; the major component in the reaction mix- 
ture was found to be cyclooctatetraeneJ 
Cyclooctatetraene is a golden-colored liquid which was analyzed as 
follows : 


C«H| %C %H Mol. Wt. Hydr. No 

Calculated 92.25 7.75 104.06 769 

Found 92.11 7.97 103 762 


The physical constants determined by Reppe differ slightly from those 
determined by Willstatter. These differences may be accounted for by the 
fact that Reppe had available larger quantities of the chemical, hence higher 
purity, and greater accuracy in physical measurements could be attained. 

Physical Data on Cyclooctatetraene 



Reppe 

Willstatter 

B.p./760 mm 

142 -143*^ 


B.p./17 mm 

42.0- 42.5° 

42.2-42.4° 

F.p. 

o 

O 

1 

-27° 

d\ 

0.9382 

0.943 

dV 

0.9206 

0.925 

K 

1.6290 

1.6389 

Mol. refraction 

35.17 

35.20 [MD (caL 
CgH, = 35.0S 

Mol. exaltation 

0.09 

0.12 

Dielectric constant 

2.74/20° 

1.5 X 10® Hertz 


Heat of combustion Qp 

1069.02 

K cal/mol 


Dipole moment 

0.069 X 10-1® 
E.S.U. 



Reppe concluded, on the basis of these data, that there could be no doubt 
that his product prepared from acetylene was identical with Willstatter’s 
cyclooctatetraene and, furthermore, that cyclooctatetraene is indeed 
1,3,5, 7-cy clooctaitetraene . 

As substantiating evidence for the symmetrical structure for cycloocta- 
tetraene, Reppe cites the following: 

(1) Chemical properties (to be described later): The olefiriic character 
of cyclooctatetraene had already been demonstrated by Willstatter. This 


^ PB 62693 j PB 46996 (BIOS 137) . 
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Fksvrk V-1. Hainan spectrum of cyclooctatctraene. 



Figxtre V-2. Hydrogenation of cyclooctatetraene in acetic acid. 

is theoretically possible, according to HuckeP, because the electron shell 
of cyclooctatetraene is not closed as is that of benzene. Cyclooctatetraene 
has 8 electrons in contrast to the 6 electrons of benzene, which form a closed 

» Z, phj/8,Chem., 70, 204 (1921). 
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shell. This arrangement, combined with a non-planar eight-membered 
carbon ring, is responsible for the olefinic nature of cyclooctatetraene^ 

(2) The pract ically zero dipole moment. 

(3) The Raman spectra (Fig. V-I) Avhich show only seven lines out of a 
possible forty-two. The two strongest lines (Raman frequencies 1673 and 
3068 cm~^ correspond to the normal values for =C=C= and C—H linkages. 
For comparison, the corresponding frequencies for benzene are 1605 and 
3060 cm“k 

(4) Hydrog(‘nation with palladium on charcoal catalysts in glacial acetic; 
acid solution, which demonstrates the equivalence of the four double bonds 
in (;yclooctatetTaene as shown in Fig. V-2. Hen(*e the double bonds must 
be conjugated rather than cumulative, and the molecaile must have a high 
degree of symmet/iy. 

It has b(;en noted that some of the physical and chemical properties of 
the cyclooctatetraene obtained by Willstatter are very much like the 
properties of styrene as shown by the following table^‘^ 

Properties of Cyclooctatetraene and Styrene 



Styrene 

Willstlitter’s 

Cyclooctatetraene 

i\l.p. . 

1 

o 

-27° 


0.907 

0.925 


1.5450 

1.5389 

B.p. (17 mm) 

43“ 

42.2-42.4 

Dibromidc (CsHsBr;) (m.p.) 

72-73“ 

70-71.5° 


Furthermore, Hurd and Drake found that the decomposition of model 
open-chain quaternary ammonium hydroxides derived from the diarnino- 
butanes did not give exclusively 1 ,3-butadiene^k Since these models 
(;losely resembled the quaternary ammonium hydroxide in the final step 
of the Willstatter synthesis, they believed that their results cast serious 
doubt on the structure of the Willstatter product. The correctness of this 
viewpoint is now doubtful as a result of Reppe’s hydrogenation experiments. 

The reports that cyclooctatetraene had been synthesized by Reppe from 
acetylene renewed interest in cyclooctatetraene and in the validity of the 
Willstatter synthesis. Cope and Overberger repeated the Willstatter syn- 
thesis from pseudopelletierine which they synthesized by the condensation 
of glutaraldehyde with methyl amine hydrochloride and acetone dicar- 

8 ^er., 67 , 1870 (1934) ; 67 , 2078 (1934) ; Z. phys. Chem., 39 , 59 (1938) ; 41 , 287 (1938) ; 
44 , 185 (1939) ; Z. Electrochem . , 43 , 853 (1937) ; 46 , 548 (1939) ; Proc. Roy. Soc. (A) 168 , 
297 (1937) ; Z. angew. CTem., 62 , 223 (1939). 

10 J. Org. Chem., 3 , 603 (1938-1939) ; J. Am. Chern. 5oc., 61 , 1261 (1939) . 

11 J. Am. Chem. Soc., 61 , 1943 (1939). 
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boxylic acid^2 At the same time they prepared cyclooctatetraene by the 
Reppe process from acetylene polymerization. The properties of the two 
preparations and of Willstatter’s original preparation are as follows: 


Properties of Cyclooctatetraene 



Cope and Overberger’s Preparations 





Willstatter’s Product 


From Pseudopel- 
letierine 

1 From Acetylene 

M.p. (capillary) 

-5.8 to -5.4 

-5.9 to -5.3 

-27 

Mixed m.p 

-6.0 to -5.3 



1.5342 

j 

1.5342 1 

- i 

1.5389 (20°) 

Maleic anhydride adduct, 

m.p 

166.7-168.2 

166.7-167.8 1 


Mixed m.p 

165.4-167 



The ultraviolet absorption spectra of Cope and Overberger’s two samples 
were identical. 

More recently, Cope and Bailey have described a third synthesis of cyclo- 
octatetraene from 2-chloro-l ,3-butadiene, involving seven steps 


:C— CH=CH 2 

► 

C 1 C=CH 

1 

-0 

Cl— C=CH— CH. 

1 1 

Cl 



1 

CH2 

j 

1 1 1 

CH2 or CH2 CH. 

I 1 1 




1 

CH2— CH= 

:C— Cl 

-0 

II 

0- 

i 

1 

-0 






1 

Cl 





Na 

Liq. NHs 




0 











CH 2 -C 






\ 





2 

N-Br 





C 

:H2-C^ 

CH==CH— CHz 





1 

1 

Dihromide ^ 

— 

0 

- CH2 

CH2 


2(CH3)2NH 



1 

1 





CHg— CH==CH 


H 

(CH 3 ) 2 N--C— CH==CH 


CH 2 CH 

CHj— CH— CH 

I 

N(CH,)2 

» J. Am. Chem. Soc., 70, 1433 (1948). 
•» J. Am. Chem. 80 c., 70, 2305 (1948). 
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The 1 ,6-bis~dimethylamino-2^4-cyclooctadiene so prepared was identical 
with the corresponding intermediate in the Willstatter synthesis as shown 
by correspondence of melting points of the dipicrates and dimethyl iodides, 
and of ultraviolet absorption spectra. 

The remaining steps in the synthesis followed the sequence of reactions 
originally used by Willstatter. The cyclooctatetraene so prepared w^as 
identical with a sample prepared from acetylene on the basis of correspond- 
ence in index of refraction, melting point, mixed melting points, ultraviolet 
and infrared absorption spectra. 

Cope and coworker’s results completely substantiate the synthesis of 
cyclooctatetraene reported by Willstatter and furthermore prove that 
cyclooctatetraene prepared from pseudopellctierine, or from 2-chloro- 
butadiene is identical with the cyclooctatetraene prepared by the Reppe 
method from acetylene. 

The Molecular Configuration of Cyclooctatetraene 

Cyclooctatetraene has attracted considerable attention because of the 
relationship of its structure to that of benzene. Since it behaves chemically 
as an olefin, it has been suggested that its 135° bond angle involves consider- 
able strain in the molecular structure, at the expense of the expected reso- 
nance energy^ ^ 

Heat of combustion measurements lead to a value of 28 k cal/mole for 
the resonance energy, compared with 41 k cal/mole for benzene^^. The 
calculated resonance energy for a planar, non-strained molecule would be 
1.17 times that of the benzene molecule^®-'^ ; the difference between the 
calculated and observed resonance energy, 20 k cal/mole, has been at- 
tributed to strain. (Kovner^® calculated the resonance energy for the non- 
cyclic octatetraene as 24 k cal/mole, about the same magnitude as that 
observed for the cyclic compound.) 

The energy change for the transition of cyclooctatetraene to styrene has 
been measured by Prosen, Johnson and Rossini^^ to be —34.5 + 0.34 
k cal/mole, indicating that cyclooctatetraene is considerably less stable 
than styrene, and indicating the absence of any considerable amount of 
resonance energy. 

A number of investigations have been made to determine the actual 
structure of the cyclooctatetraene molecule, using infrared and Raman 
spectroscopy, electron and x-ray diffraction, and ultraviolet spectroscopic 

Pauling, L. ^‘Nature of the Chemical Bond,” p. 133, Cornell University Press, 

1939. 

Reppe, ‘^Report on Cyclopolyolefins,” PB 46996. 

Penney, Proc, Roy. Soc. A, 146, 223 (1934) . 

Wheland,G.,/.C/iem.PA2/5.,3,230 (1935). 

Kovner f Acta Physicochim. (C/.2E.<8.^8.),19,385 (1944). 

Prosen, Johnson and Rossini, J. Am. Ckem. jSfoc., 69, 2068 (1947) . 
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methods. Samples used by the different investigators have been derived 
from numerous sources, but for the most part their identity has been con- 
firmed by making use of the infrared absorption spectra^^. 

Infrared and Raman spectra fail to show the presence of phenyl groups, 
triple bonds, methylene, or methyl groups, and indicate that the H atoms 
are equivalent^k This, together with the low dipole moment value of 
0.07-0. 0D*‘““, is consistent with a cyclic molecule having some symmetry. 




CHAIR 




TUB 


CROWN 



I 




PLANE 


Figure V-3. Forms of cyclooctatetraenc. 

The possible molecular configurations which have been considered for 
cyclooctatetraene are: C^h (chair, or cradle form), Ad (tub, or boat form), 
Did and A (crown forms) and Dih (planar form). Photographs of models 
of these structures are shown in Figure V-3. Of these symmetry types, 
only the /) 2 d could involve a strainless configuration with no resonance 
(provided normal single and double bond dimensions are used). 

20 Cope, J. Am. Chem. Soc., 69, 976 (1947); Cope and Overberger, J. Am. Chem. 
aS'oc., 70, 1433 (1948) ; Cope and Bailey, J. Am. Chem. <Soc., 70, 2305 (1948) . 

2* Lippincott and Lord, Jr., /. A7n. Chem. ^oc.,68, 1868 (1946) . 

* One Debye unit represents 10"^® electrostatic units. 

22 Measurement by Binkele of I.G. Farbenindustrie, Ludwigshafen, 1941 , 
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One powerful method of investigating molecular symmetry is through 
comparison of the infrared and Raman spectra of a material. The selection 
rule requirements^® make it possible to eliminate certain symmetry types 
by the appearance or nonappearance of the same frequency values in the 
two types of spectra. Several such investigations have been made of 
cyclooctatetraene-^ 

Lippincott, Lord and McDonald-^ have summarized the most complete 
data available, including the Raman and infrared spectra for completely 
deuterated cyclooctatetraene, and have con(‘luded that (1 ) the number of 
Raman lines and infrared bands strong enough to be called fundamentals 
is small, so that considerable symmetry must be present; (2) the number 
of definite coincidences between relatively strong infrared bands and Raman 
lines renders a symmetry center unlikely ; and (3) that several strong 
infrared bands appear at positions where no Raman lines could be found. 
Structures f ' 2 //, Ihd and A//, as well as those of low symmetry, (‘an be elimi- 
nated from consideration under (1 ) and (2) ; (3) indicates that the spectro- 
scopic data favor the A over the Du form. 

The result of x-ray diffraction analysis-®’ indicates the Du structure ; 
the crown configuration will not satisfy the observed intensity data. Elect- 
tron diffraction investigations-'^ favoi* the Du type of structure for cyclo- 
octatetraene. 

The golden yellow color of cyclooctatetraene has been considered as one 
evidence of a resonance structure^^- Measurements of a very carefully 
purified sample made at Ludwigshafen, however, did not show any distinct 
absorptions in the ultraviok^t but only an increasing general absorption 

23 The selection rule requirements for the postulated structures are summarized 
below : 


Fundamental Frequencies Permitted 

Common to 

Structure Infrared Raman Both Types 

Cii. 21 21 0 

Du 15 27 15 

Du^Vd 8 15 0 

Z>4 14 28 10 

8 15 0 


Lippincott and Lord, Jr., ./. Arn. Cheni. Soc., 68, 1868 (1946); Flett, Nature, 169, 
739 (1947). 

26 Lippincott, Lord, Jr., and McDonald, J. Chem. Phys.^lB, 548 (1948) . 

26 Kaufman, Fankuchen, and Mark, J.CTcw. P/it/s., 16, 414 (1947), 

27 Kaufman, H. S., Fankuchen,!., and Mark, H.jATa^wrc, 161, 165 (1948). 

28 Bastiansen and Hassel, Tids,Kjemi,Bergve8enMet.,1 ,55 (1947). 

29 Forster, Z.j&ZecL, 46, 548 (1939). 

86 Maccoll,iVafwrc,167,695 (1946), 
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toward the shorter wave lengths^^ The absence of such absorption maxima 
would indicate the absence of any appreciable amount of resonance energy.* 
The lack of a discrete absorption in the ultraviolet absorption spectra, 
the structure indicated by Raman and infrared methods; the Ad 
structure suggested by x-ray and electron diffraction methods ; the combus- 
tion measurements showing essentially the amount of resonance energy 
calculated for the non-cyclic compound; and the chemical reactivity all 
indicate the absence of any considerable amount of resonance energy. 

Discovery and Theory of the Polymerization of Acetylene 

Just as in the case of the vinylation and ethinylation reactions, the 
discoveiy of the polymerization of acetylene to cyclopolyolefins was made 
accidently during the attempted synthesis of 3-hexyne-l ,6-diol from 
2 moles of ethylene oxide and 1 mole of acetylene in the presence of a nickel 
cyanide catalyst^^ 

CH 2 CH 2 4- HCsCH -f CH 2 CH 2 -, N i (CN) ^ HOCH 2 CH 2 CSC— CH 2 CH 2 OH 

\/ \/ 

0 0 

However, the reaction product was found to be a mixture of hydrocarbons 
CgHs, CioHio, C 12 H 12 and CioHs. This discovery, no doubt, also explains 
the continued use of ethylene oxide in subsequent polymerizations of acety- 
lene to cyclopolyolefins. 

Very unstable acetylene-nickel compounds are presumed to be the actual 
catalyst ; they are generated by the action of acetylene under pressure upon 
the nickel compounds present. The formation of those very reactive nickel 

Topel of Ludwigshafen, May 26, 1941 (document from I.G. files). The sample 
was triply distilled under nitrogen, crystallized under nitrogen and preserved at a 
low temperature until used. A 0.02% solution of the cyclooctatetraene in ligroin 
was used for the examination. 

* Forster** has shown that resonance between the two Kekule forms for cyclo- 
octatetraene should lead to an absorption maximum at 4100 A.U. Maccoll**, using the 
complete set of fourteen structures and neglecting the second excited structures, 
calculated a value of 3550 A.U. for the maximum. No explanation for the color, 
other than as a resonance phenomenon of the cyclooctatetraene, has been suggested. 

The Da structure is not a puckered ring with identical bonds. Rather it in- 
volves two types of bonds appearing alternately; hence it would be inconsistent with 
complete resonance such as is observed with benzene. The Da crown structure, 
which involves identical bonds, is the structure usually depicted as the crown form, 
and is not favored by either infra-red and Raman, or x-ray diffraction methods. 
The Da structure cannot be constructed with ordinary atomic models, and so would 
involve some strain or resonance if it existed, 
w PB 26560 {BIOS 352). 
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acetylides, which are doubtless veiy unstable, can be facilitated by the addi- 
tion of cyclic oxides such as ethylene oxide. Theoretically, the unstable 
nickel salts of ethylene halohydrins, which are probably formed by the 
action of halides and ethylene oxide, are decomposed by reaction with acety- 
lene to form unstable nickel acetylides and ethylene halohydrins. 


Cl OCH— CHsCl 

/ / 

Ni 4 - 2CH2 CH, > Ni 

\ \ / \ 

Cl 0 OCH2— CH2CI 


-f C2H2 — > 


cn OCH2CH2C1 

\ / 

Ni > Ni 


CH OCH2CH2CI 


-f 2HOCH2CH2CI 


Ethylene chlorohydrin can actually be isolated in the expected quantity 
if the reaction mixture is worked up properly. It has been mentioned that 
formation of cyclopolyolefins occurs if tetrahydrofuran is used as a diluent. 
This observation has been interpreted to mean that tetrahydrofuran, the 
ring of which can be easily opened, reacts like ethylene oxide. Tetra- 
hydrofuran is, so to speak, regarded as an ‘^extended ethylene oxide.” 
Butylene chlorohydrin could not be isolated in this case, possibly because 
it splits out hydrogen chloride and reforms tetrahydrofuran. 

Only those nickel compounds in which the nickel is weakly linked to the 
anion are catalysts. Therefore, it is obvious that nickel halides and other 
similar salts are not catalysts; nickel compounds in which the nickel is 
bound in the form of stable complex (such as nickel phthalocyanine) are 
also unsuitable for the production of cyclopolyolefins. Acetylene is poly- 
merized only if the nickel, which is strongly bound, as in the halides, is trans- 
formed into a much weaker combination, for instance, by means of ethylene 
oxide. Such a loose bond is already present in nickel thiocyanate and 
nickel cyanide (Ni(CNS)2 and Ni(CN)2), and the nickel can form com- 
plexes and bind acetylene by free van der Waals’ forces. Other nickel 
salts in which nickel is bound very loosely, e.g., as in the nickel salts of 
acetoacetic ester, acetylacetone, benzoyl-, oxalyl, terephthaloyl- and cyano- 
acetic esters, and of di-a-aminophenol, are eflSicient catalysts for the poly- 
merization of acetylene to cyclopolyolefins. 

The mechanism of the reaction which leads to the formation of cyclo- 
polyolefins is not yet clear. Acetylene reacts similarly to carbon monoxide 
in many cases, and Reppe assumed that nickel or nickel acetylide binds 
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four molecules of acetylene just as it holds four molecules of carbon mon- 
oxide in nickel carbonyl :* 


Ni 


0 O 

II II 

c— c 


c:— c=() 

11 

o 


jiiid 


H 11 
C— C 

/ \ 

HC CH 

/ 

Ni 

\ 

lie ClI 

\ / 

c— c 

II H 


The nickel-acetylene complex thus formed decomposes, giving cycloocta- 
tetraene and regenerating nickel acetylide which may react the same way 
again. 

lie— ClI 


\ 

e e HC CH 

i!i\ m\ / I 


! 

\ / 

Ni + 4HC^Cf! > 

Ni 

1 / 

/ \ 


C C HC CH 


\ / 

HC— CH 


HC— CH 


c 

/ 

\ 

\ 

HC 

CH 

Ni 

+ 1 

1 

/ 

lie 

CH 

c 

\ 

/ 


HC— CH 


Regardless of the mechanism, the formation of cyclooctatetraene is 
surprising in view of thermodynamic considerations, since cyclooctatetraene 
has a higher energy content than benzene, as shown in the following tables. 


Heat of Combustion and Heat of Formation 


1 

1 

! Heat of Combustion Qp 

i 

Heat of Formation 

C = 94.3, H « 34.2 

Vinyl acetylene 

569 K cal /mole 

—57 K cal/mole 

Benzene 

783 K cal/mole 

— 12.4 K cal/mole 

Cyclooctatetraene 

1069 K cal/mole 

—40 K cal/mole 


* The authors must confess that this analogy seems completely illogical to them, 
but it is presented here since it was a part of Reppe^s original manuscript. 
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Energetics of the Formation from Acetylene 


2 C 2 H 2 

Vinyl acetylene 

3 C 2 H 2 
Benzene 

4 C 2 H 2 

Cyclooctatetraene 


The formation of cyclopolyolefins from acetylene is claimed to be ex- 
tremely sensitive to catalytic impurities. Although the different autoclaves 
used in this work were of the same structural steel (V2A or V4A, they gave 
widely varying results. No polymerization could be obtained in certain 
autoclaves, and it became necessary to keep a record of those autoclaves in 
which the polymerization was successful. This behavior was thought to 
be due to the previous history of the autoclave. 

In all these experiments it was found that the presence of water must be 
carefully avoided. Reppe has always insisted that even with nickel cy- 
nide, ethylene oxide was an essential component in the formation of inter- 
mediate products which, with acetylene, gave nickel acetylide in very active 
form. However, some of his coworkers claim that the function of the 
ethylene oxide is simply that of a dehydrating agent; finely powdered 
calcium carbide can replace the ethylene oxide, if all reagents are rigorously 
dried. 

The process has until now been carried out discontinuously ; suitable 
catalysts and working conditions have not yet been developed for continu- 
ous production. The experiments are still in the initial stage. The 
average yield is 70 per cent of the theoretical ; in some cases 90 per cent 
yields are obtained, the balance consisting of a little benzene and 5 to 10 
percent of higher polyolefins (CioHio, C 12 H 12 , and others), as well as resins 
soluble in tetrahydrofuran and insoluble cuprene. 

Preparation of Cyclooctatetraene (CgHs) 

Twenty grams of nickel cyanide (see below) and 50 grams of powdered 
calcium carbide are suspended in 2 liters of tetrahydrofuran and charged 
to an autoclave of 4- to 5-liter capacity. The autoclave is freed from air- 
oxygen by flushing with nitrogen and then heated to 60 to 70° inside tem- 
perature under 5 atm of nitrogen pressure. The contents are agitated by 
stirring or shaking the vessel while introducing acetylene to a total pressure 
of 15 to 20 atm. The degree of reaction is observed by the pressure drop, 
and acetylene is pumped in from time to time until the absorption stops. 

The reaction is stopped after 48 to 60 hours. Cuprene and the catalyst 


1 

Q (liquid) K cal/mole 

1 

Q (gas) K cal/mole , 

O/mole CaHi 
cal/mole 

1 +55.8 1 

1 

j 

+49.6 

+25 

+ 153.8 i 

+ 146.4 

+49 

+ 180.6 I 

+170.6 

+42.6 
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are separated by filtration from the brown solution. The filtrate is then 
subjected to distillation under reduced pressure to protect the product. 
The crude cyclooctatetraene obtained is rectified under normal pressure 
and separated from the residue; 320 to 400 grams of cyclooctatetraene, 30 
to 50 grams of resins and 50 grams of benzene are obtained under these 
conditions. 

Production of the Catalyst. The most effective catalyst is nickel cyanide 
made from nickel chloride and hydrocyanic acid ; it gives good conversion 
of the acetylene with formation of only a little benzene and resinous mate- 
rial. Nickel chloride is dissolved in alcohol to form the nickel cyanide 
catalyst. The solution is chilled to 0 to — 10°, and a 10 per cent alcoholic 
solution of hydrocyanic acid is added with stirring. The mixture is left 
standing for 12 hours, keeping it cold. Precipitation is then completed by 
another addition of hydrocyanic acid solution; after another 12 hours, the 
precipitated nickel cyanide is filtered off. It is washed well with water 
until neutral. The pale blue nickel cyanide is then converted into the yel- 
lowish-brown anhydrous salt at 175°. Nickel cyanide made in any other 
way proved to be less effective. 

If the catalyst is made in this way and is perfectly neutral, and if, further- 
more, the tetrahydrofuran and the acetylene gas are kept absolutely dry, 
a satisfactory yield of cyclooctatetraene is obtained, even without addition 
of calcium carbide. Under these conditions, no hydrocarbons boiling 
higher than CsHg or, at most only traces of them and of azulene are formed. 

Reactions of Cyclooctatetraene 

Due to its olefinic character, cyclooctatetraene is unstable to some chemi- 
cal reagents. It is attacked by oxidants ; when exposed to air, it gradually 
deposits yellow flakes. Halogens add to it readily. It undergoes diene 
synthesis, with the formation of characteristic addition products. Upon 
long standing, particularly when warm, it apparently polymerizes to a 
mixture of a dimeric compound and a resin-like substance. It forms crys- 
talline addition compounds with silver nitrate or copper ammonium 
chloride. 

The study of the reactions of cyclooctatetraene shows that under the 
influence of different reagents it reacts as if it had different structures. 
In some of the reactions the 8-membered ring is left intact ; in others, aro- 
matization occurs with formation of derivatives of ethyl benzene or 
p-xylene. There are other reactions in which compounds are formed hav- 
ing a 4-membered ring fused to a 6-membered ring. 

Cyclooctatetraene is, therefore, able to react according to the following 
three fundamental structures: (1) as an 8-membered ring; (2) as a bicyclo 
(0,2,4)-octatriene (2,4,7); and (3) as a 1,2,4,5-dimethylene cyclo- 
hexadiene-2,5. These structures are illustrated below. 
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cri2 

(I) (II) (III) 

Cyclooctatetraene Bicyclo~(0y2,4)- 1 ,2,4;S-Di?nelhylene 

octairienc- (2,4,7) cyclohexadiene-2,6 

Reactions of Cyclooctatetraene with Retention of Eight-Membered 
Ring, Catalytic Hydrogenation. Willstattcr has demonstrated that cyclo- 
octatetraene, when hydrogenated in the presence of platinum catalysts, 
yields cyclooctane. This perhydrogenation is possible not only with pre- 
cious metal catalysts but also with base metals, such as nickel, under pres- 
sures^. It was observed that the cyclooctane thus obtained had a melting 
point lower than that previously mentioned in the literature. Instead of 
melting at 13^^ as reported for pure cyclooctane, Reppe’s sample melted at 
1 1 .8°. This discrepancy is attributed to the presence of minute quantities 
of aromatization products according to reactions of type (2) and type (3) 
referred to in an earlier paragraph. These contaminants are believed to be 
p-xylene or ethyl benzene, or the hydrogenated products thereof, and bi- 
cyclooctane. 

By oxidizing cyclooctane with nitric acid, suberic acid is obtained, the 
yield being approximately 40 per cent. 

Cyclooctatetraene may be partially hydrogenated to cyclooctene if the 
process is conducted in non-ionizing solvents such as methanol, ethanol, 
and tetrahydrofuran, with palladium on calcium carbonate as the catalyst®^. 
Under these conditions three moles of hydrogen are absorbed rapidly, while 
the fourth mole requires nearly ten times as long. (Figure V-4) 

If the hydrogenation is stopped after the absorption of three moles of 
hydrogen, cyclooctene (b. p. 140°) is readily isolated in a 90 per cent yield. 

Comparative hydrogenations of cyclooctene carried out in alcoholic and 
in acetic acid solutions proved that the absorption of hydrogen was ten 
times faster in the acid solution. The influence of solvents in selective 
catalytic hydrogenations has been observed in other cases^. Rates of 
hydrogenation in the two solvents are shown in Figure V-5. 

Bromination of cyclooctene yields the dibromide, C 8 Hi 4 Br 2 , boiling at 
123 to 124°C (5 mm). Perbenzoic acid reacts with cyclooctene to yield 
the known crystalline cyclooctene oxide, CgHi^O, melting at 45°. When 
oxidized with nitric acid, cyclooctene gives a better yield of suberic acid 

D.R.Pat. Anmeldung IVc/12o. 

D.R.Pat. Anmeldung 1-73,871 IVc/12o. 

Helv. Chim. Acta, 14 , 1327 (1931). 
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Minutes 

Figure V-4. Hydrogenation curves of cyclooctateli'ac'ne in various solvents. 



than oyclooctane^®. Reactions involving hydrogenation and subsequent 
oxidation are shown in the following illustration. 



COOH 

I 

(CH2)6 
COOH 
Spheric acid 


Cyclooctene 


Helv. Chinu Acta, 14 , 1327 (1931). 
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Cyclooctatetraene when subjected to the well-known olefinic reactions 
becomes a convenient starting point for the preparation of substituted 
cyclooctanes and cyclooctenes. Under the influence of dilute acids, such 
as sulfuric acid, cyclooctene is condensed to cyclooctenyl cyclooctane®^ 
which upon hydrogenation yields dicyclooctane®®. 



Cyclooctene 

jH 2 S 04 



Cyclooctenylcyclooctane Dicyclooctane 


Ruzicka had previously obtained dicyclooctane in the following manner 
from cyclooctanone: 


H H 
O O 




Cyclooctyl acetate can be made from cyclooctene by treatment with 
glacial acetic and sulfuric acids. Saponification yields cyclooctanol, which 
on dehydrogenation yields cyclooctanone. Conversion to the oxime and 
rearrangement yield cap rylolac tarn, which is a new basic material for 
polyamides. 

37 D.R^Pat Anmeldung L75,480 IVd/12o. 

D.R.Pat. Anmeldung 1-73,91$ IVc/12o; 



194 


ACETYLENE AND CARBON MONOXIDE CHEMISTRY 



Cyclooctene Cyclooctyl acetate Cyclooctanol 


U2 H2 



11*2 Ih 


CyclooctanoTie Cyclooctanone oxime Caprylo lactam 

Reactions with Peracids. When cyclooctatetraene dissolved in chloro- 
form is treated with one or several moles of perbenzoic acid, only one oxygen 
atom reacts, to form an almost colorless oxide with the composition CsHsO. 
Upon catalytic hydrogenation, the oxide absorbs four moles of hydrogen; 
the resulting cyclooctanol, upon oxidation with nitric acid, yields suberic 
acid. 



Hj/Pd 


Cyclooctatetraene Cyclooctatetraene 

oxide 

^COOH 
^OOH 

Cyclooctanol Suberic acid 



If cyclooctatetraene oxide is heated with a few drops of dilute sulfuric 
acid, a violent reaction ensues and aromatization occurs, forming phenyl 
acetaldehyde quantitatively 



Cyclooctatetraene Phenylacetaldehyde 

oxide 

Reactions with Water Gas {H 2 and CO), Under the catalytic influence 
of cobalt, only one double bond of cyclooctatetraene reacts with hydrogen 
and carbon monoxide in the 0 x 0 reaction (see page 000), with the formation 
of cyclooctyl carbinol; the other three double bonds are reduced. The 

•• D,R.Pat, Anmeldung P70J09 IVd/l2o. 
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course of the reactions leading to the formation of cyclooctyl carbinol 
(b.p. ]06°C, 7 mm), is as follows: 



Cyclooctyl carbinol may also be made by the Oxo reaction from cyclo- 
octene and water gas. 

Reactions with Alkali Metals. Cyclooctatetraene will add two atoms of 
alkali metals, the 8-membered ring structure being retained^^ The result- 
ing compound reacts with carbon dioxide, forming a crystalline dicarboxylic 
acid of yellow color, which sublimes at 220'' (1.5 mm). The alkali-metal 
adducts react with alcohol, generating cyclooctatriene. 



(No evidence has been found for the assignment of these structures to 
either the acid or the triene.) 

Aromatization of Cyclooctatetraene. Cyclooctatetraene aromatizes to 
give derivatives of ethyl benzene, presumably through the intermediate 
bicyclo-(0,2,4)-octatriene-(2,4,7) which then undergoes fission of the 
4-membered ring. Oxidizing agents, with the exception of perbenzoic acid, 
accomplish the aromatization. 

If an aqueous suspension or emulsion of cyclooctatetraene is treated with 
a solution of a mercury salt such as the sulfate, a white precipitate (which 
turns black due to formation of metallic mercuiy) and a colorless oil (boil- 
ing at 221'') having the composition CsHsO are formed. The oil is phenyl 
acetaldehyde, and the yield is nearly stoichiometric. The composition of 
the oil was proven by converting it to the oxime, the semi-carbazone, and 

D.R.Pat. Anmeldung IVc/12o. 
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to stilbene, and phenylacetic acid. If the water is replaced with glacial 
acetic acid, or by absolute alcohol, phenylethylidene diacetate, or the di- 
ethyl acetal of phenyl acetaldehyde, respectively, are formed. 


O HgS 04 


a CHOH 
CH* 



a CHsCHO 
Phenylacetaldehyde 


^OEt 


CH 2 — CH 


"0 • COCH 3 
Phenylethylidene diacetate 


N)Et 
Phenylacetaldehyde 
diethylacetal 


Cyclooctatetraene, in the gaseous phase, is oxidized quantitatively to 
benzoic acid by air in the presence of catalysts such as vanadium pentoxide. 
Oxidation in aqueous media yields benzaldehyde and benzoic acid. Hypo- 
chlorous acid in alkaline media yields derivatives of p-xylene. In this 
reaction it is presumed that 1,2,4,5-dimethylene cyclohexadiene-2,5 is 
formed as an intermediate compound. Terephthal aldehyde is formed, 
along with some benzaldehyde and benzoic acid. Oxidation of cyclooctate- 
traene by chromic acid in glacial acetic acid yields mostly terephthalic acid 
plus a small amount of benzaldehyde. These reactions are illustrated below. 




Ruzicka probably observed the first aromatization of cyclooctatetraene^^ 
Helv. Chim, Acta, 19, 432 (1936). 
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when dehydrogenating cyclooetane to p-xylene with selenium. This reac- 
tion is illustrated in the following figure. 



/ Se 


Mer 



Me 


Cyclooctane p-Xyleve 


Aromatization of Cyclooctatetraene to Bicyclo-(0,2,4)-octatriene- 

(2.4.7) with Conservation of the Four-Membered Ring. A large number 
of reactions of cyclooctatetraene involve structural rearrangement of the 
8-mem bered ring, forming derivatives of bicyclo- (0,2,4 )-octatriene- 

(2.1.7) . Reactions of cycloo(*tatetraene with halogens^- and with dieno- 
phils*''^ belong to this group. 

By a careful study of the reactions of primary addition products and by 
the analysis of th(' decomposition products, the constitution of the addition 
pi’oducts was established and shown to be derived from bicyclo- (0,2,4)- 
octane as the parent hydrocarbon. 

Halogenaiion of Cyclooctatetraene. The halogenation products of c.yclo- 
octatetraene Avhich have been made and isolated are listed as follows 


C,lUBu\ 

CsHsBr./ 

CsHsBrc 


Br2 in CHCb at —20° (Wills tatter) 
Br2 in CHCU at 0-5° 

2Br2 in CHCla 

3Br2 in CHCh 


CsHsCl 

CsHaCbl 

CsHsCb/ 

CsHsCle 


I SO2CI2 in CHCb 
2SO2CI2 in CHCb or CH2CI2 
CI2 in CHCb at 0-5° 


I m.p. 7 rC 
b.p. 90 °C /1 mm. 
m.p. 94 °C 
m.p. 147 - 148 °C 
1 m.p. 156 °C -f liq. iso- 
i mers 

b.p. 62 °C/ 0.5 mm. 
m.p. lll-n 2 °C 
b.p. 120 - 128 °C /1 mm. 
m.p. 126 - 127 °C -f liq. 
isomers 


Willstatter found that chlorination of cyclooctatetraene gave a penta- 
chloride in addition to hydrochloric acid. Bromination of cycloocta- 
tetraene in chloroform at — 20°C gave a crystalline dibromide melting at 
71°C. This dibromide was found by Reppe to be very unstable and easily 
resinified. Reppe, by varying the temperature of bromination, also iso 

« DM.Pat. Anmeldung F7$,918 IVd/ 12 o; F74ft70 IV(l/ 12 o. 

« D.R.Pai. Anmeldung P71,m IVc/ 12 o; L74fi29 IVc/ 12 o, 
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lated a liquid dibromide (C 8 H 8 Br 2 ) which had a boiling point of 90°C 
(1 mm). With several moles of bromine, cyclooctatetraene yields two 
crystalline tetrabromides (CsHsBr.}) melting at 94° and 147 to 148°C, 
respectively. A hexabromide (CsHgBre), a crystalline product melting at 
156°C, which is entirely saturated and represents the highest stage of bro- 
mination, also exists. An octabromide could not be produced. 

Chlorination of cyclooctatetraene yields products which are readily 
identified. With one mole of sulfuryl chloride a liquid dichloride (C 8 H 8 CI 2 ) 
boiling at G2°C (0.5 mm) is formed. With two moles of sulfuryl chloride a 
solid tetrachloride (CgHgCh) melting at 111 to 112°C, and a liquid tetra- 
chloride (b.p. 126-8°C/1 mm) are formed. A liquid hexachloride (melting 
at 126 to 127°C) is also formed by introducing chlorine into a chloroform 
solution at 0 to — 5°C. Mixed halogenated products were made, but 
Reppe was unsuccessful in producing any iodine derivatives. 

The observation that the highest stage of halogenation is the hexahalide, 
and that the dihalogen compound absorbs catalytically only two moles of 
hydrogen instead of the expected three, led to the assumption that the 
halogenation of cyclooctatetraene creates a fundamental change in structure 
of the cyclooctatetraene. A saturated hydrocarbon (CgHu) which is the 
basic structure for the octahydrocarbon must be bicyclic in structure ; the 
8-membered ring has been converted into a bicyclic compound which con- 
tains a 6-membered and a 4-membered ring. This rearrangement is shown 
graphically in the following figure. 



7 , 8-Dichl orobicyclo{0y 2y Jt)- 
octadiene-{2,U) 



7 , 8-Dichlorobicyclo- Bicyclo- ( 0 , 4) -octane 

{Pf2f4)-octane 


The hydrocarbon CsHu, bicyclo-(0,2,4)-octane (melting at 136°C) can 
be produced by hydrogenating the dichloride (C 8 H 12 CI 2 ) in alkaline solu- 
tion under pressure. The stability of this reaction product is remarkable. 
It is known that cyclobutane is readily split open to n-butane by hydro- 
genation, but it is impossible to split open the 4-membered ring in bicyclo- 
octane or the tricyclichydrocarbon. The proof of the constitution and the 
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position of the halogen atoms in halogenated cyclooctatetraene was accom- 
plished as follows: 

The dichloride (CsHsCh) was reacted with potassium acetate in glacial 
acetic acid. The diacetate, m.p. 66°C, absorbs two moles of hydrogen, 
producing the saturated diacetate, (b.p. 105°C/0.4 mm), which upon 
hydrolysis forms the glycol C8H14O2, melting at 142°. The yield is quan- 
titative. Upon oxidation it is converted to as-hexahydrophthalic acid, 
proving the or^Ao-condensation of the 6- and 4-membered ring, as well as 
the position of the chlorine atoms. Further proof is the formation of the 
m-hydrophthalic aldehydes when the glycol (C8H14O2) is oxidized with 
lead tetraacetate. 


CHjCOOK 
AoOH ^ 

7, 8‘Dichlorohicyclo- 
( 0 , 4) -octadie ne- {2, 4) 




.OCOCH 3 

2H, 


Pd 


‘"OCOCH3 


7, S-Diacetoxybicyclo- 
(0^2f4)-octadiene-{2, 4) 


/OCOCII3 

>>00011, 


7, 8-Diacetoxybi- 
cyclo- {0, 2, 4) -octane 



a COOH 
COOH 


7f 8-Dioxybicyclo^ cis-Hexahydrophthalic 

{0,2, 4) -octane acid 


^Pb(0 • CO ♦ CH8)4 

.Clio 

HO 

cis-Hexahydrophthalaldehyde 



The existence of the 4-membered ring can be shown in another way. 
The dichloride (CsHsCh), which still contains two conjugated double 
bonds in the 6-membered ring, was reacted with naphthaquinone in a typi- 
cal diene synthesis. The resulting crystalline product melts at 221° and 
is soluble in caustic, forming a red solution ; oxidation of this solution with 
air yields a crystalline anthraquinone derivative of yellow color. It de- 
composes thermally at 170 to 180°C, forming a volatile substance. If 
heated to 220°C, it re-solidifies, giving a crystalline compound which melts 
at 275 to 280°C. The decomposition products are anthraquinone and a 
product identified as l,2-dichlorocyclobutene-3, boiling at 133® and melt- 
ing at 44°C.^^ 

D.R,Pat Anmeldung 1-74,070 IVd/120. 
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The reaction is believed to proceed as shown in the following illustrations : 



7, S-DichlorohicyclO’‘ Naphthoquinone 

{Of 2f Jf)-octadiene-2f U 



180 - 200 ® 



Anthraquinone 


+ 



Cl 

Cl 


lf2-DichloT0- 

cyclohutene-3 


Similarly, the thermal decomposition of the addition product of the di- 
chloro compound of cyclooctatetraene with acetylene dicarboxylic ester 
gives phthalic acid esters and l,2-dichlorocyclobutene-3 quantitatively^^. 
This reaction is illustrated in the following diagram : 





.Cl C— COOR 
'"Cl C— COOR 



COOR 


200 ® 


240 ° ■ 


COOR 


Acetylenedi- 
carboxylic ester 



COOR 


:OOR 

Phthalic 
ester 


^ /Cl 

^C1 

lf2-Dichloro- 

cyclobutene-3 


Cyclobutane 

The addition product of 7,8-diacetoxybicyclo-(0,2,4)-octadiene-2,4 and 
acetylenedicarboxylic acid dimethyl ester or naphthoquinone likewise under- 
goes thermal decomposition to dimethyl phthalate or anthraquinone, and 
1 ,2-diacetoxy cyclobutene-3. 

« D,R,Pat. Anmeldung DUflTO IVd/12o, 
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These results confirm the observations of Diels^® and of Alder-Rickert"^^ 
that the addition products of cyclic dienes with naphthoquinone, or acety- 
lene dicarboxylic* acid ester, containing one endoethylene bridge, are unsta- 
ble to heat and are split into aromatics and the endo group. 

The structure of the (cyclic dichloride (C 4 H 4 CI 2 ) which was split out 
was proven as follows: By the absorption of only one mole of bromine it- 
was converted into the saturated dibromide (C 4 H 4 Cl 2 Br 2 ), boiling at 119 
to I20°C (18 mm), proving that it contains just one double bond and hence 
is evidently (jyclic. Oxidation with nitric acid formed fumaric acid, the 
carbon atoms connected to the chlorine atoms being oxidized to carboxyl 
groups. Three moles of hydrogen are absorbed in catalytic alkaline hydro- 
genation forming cyclobutane. This proves with certainty the presence of 
the 4-membered ring. 

The behavior of the dihalogen compound of cy(;l()octatetraene toward 
glacial acetic acid, alcohols and alcoholates is remarkable. In the first two 
cases mentioned aromatization occurs, but in the third case there is a 
surprising structural change. If the dichloro compound (CsHsCb) is 
heated with glacial acetic acid, hydi*ochloric a(ad is split out and styryl 
acetate in a good yield results. Hydrogenation and saponification con- 
verted the styryl acetate to beta-phenylethyl alcohol which was identified 
as the phenylurethane. 


^C1 

7, 8-Dichlorobicyclo- 
(0, 2, 4) -octadiene-2^ U 



^ OCOCH,_^ 



CH, • CHjOH 
Phenylethanol 


If the same reacdlon is carried out with alcohols at elevated temperature, 
aromatization and splitting off of the 4-membered ring takes place and the 
dimethyl ether of phenyl glycol is formed. 



7, 8-Dichlorobicyclo- 
A) -octadiene’2f4 



OClla 

€H— CH2OCH3 


IS-Phenylglycol 
dimethyl ether 


The readiness with which the 4-membered ring can be split to a deriva- 
tive of ethyl benzene is surprising in these simple reactions. As stated 
before, the 4-membered ring in the bicyclooctane system is exceedingly 
stable toward reducing agents and, in saturated form, toward oxidizing 

62, 2345 (1929). 

^Mnn.,624, 185 (1936), 
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agents. However, if the carbons of the 4-membered ring are substituted by 
oxygen atoms, the ring system becomes unstable and is split easily. When 
the dichloride (CsHgCh) is treated with alcoholates, the expected replace- 
ment of halogen atoms by alkoxy groups, as indicated below, does not take 



place. The dialkyl ether formed absorbs three moles of hydrogen instead 
of two on catalytic hydrogenation and does not react with dienophilic 
components, as is normally the case when the first reaction takes place as 
anticipated. Careful study of hydrogenation reactions has proved that in 
the reaction of the dichloride with alcoholates, an unexpected ring enlarge- 
ment which forms suberane aldehyde takes place as illustrated below^*. 



The suberane aldehyde was identified by its semicarbazone, melting at 
154°C^^ Oxidation and amidation convert it to the suberane carboxylic 
acid amide, melting at 194°C®®. 

Diene S3mtheses with Cyclooctatetraene. It would normally be ex- 
pected that cyclooctatetraene, because of its four double bonds, would 
react with two moles of a dienophilic component. However, this does not 
happen. In all diene syntheses which were studied (addition of maleic 
acid anhydride, acrylic acid, quinone and naphthoquinone), the cyclo- 
octatetrane reacted only in the ratio of 1:1 with the dienophilic com- 
ponent®k Nor do the addition products undergo a further diene synthesis. 
The temperature of the reaction is in general fairly high ; usually, heating to 
100° is required, and in some cases the reaction must be forced to take 
place under pressure at elevated temperatures. All the diene addition 

D.R.Pat. Anrneldung 1-77 fiOl IVd/12o. 

Ann., 346 , 149 (1906). 

36 , 2691 (1902). 

D.R.PaL Anrneldung 1-71,228 IVc/12o. 
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products of cyclooctatetraene upon perhydrogenation absorb one mole of 
hydrogen less than might be expected. 

This, of course, indicates that a change in structure of the 8-membered 
ring must have taken place, in the course of which one double bond disap- 
peared. A close study has been made of the crystalline adduct (m.p. 107 to 
168° C) made from cyclooctatetraene and maleic acid anhydride in molten 
mass at 150° or in solution in boiling mono- or dichlorobenzene. The yield 
obtained was stoichiometric. It was found that the diene synthesis, like 
halogenation, proceeds through an intermediate state of the bicyclo- 
(0 , 2 , 4)-octatriene- (2,4,7). 



Cyclooctatetraene Bicyclo^,2,4'’ 3,6-Endocyclobutadienylene 

octatriene-2, U, 7 cyclohexene- U-dicarhoxylic 

acid-ly 2-anh ydride 

This new compound dissolves in dilute potassium h 3 ^droxide, forming a 
dicarboxylic acid (C 12 H 12 O 4 ) which can be converted into a crystalline 
dimethyl ester melting at 52 to 55°C. On catalytic hydrogenation with 
palladium catalysts it absorbs two moles of hydrogen ; one double bond is 
readily saturated, the other one only with difficulty. Hydrogenation can, 
therefore, be controlled. If only one double bond is saturated, an unsatu- 
rated dicarboxylic acid (C 12 H 14 O 4 ), is formed, which by distillation is con- 
verted to the anhydride (C 12 H 12 O 3 ) melting at 142°C. Distillation under 
vacuum of the saturated dicarboxylic acid (C 12 H 16 O 4 ) readily converts 
it to the anhydride of formula C 12 HUO 3 , melting at 128 to 129°C. This 
new tetrahydro acid is perfectly stable toward bromine or potassium per- 
manganate. Nitric acid (specific gravity 1.40) converts it to the anhydride 
without further attack. 

Hydrogenation can also be accomplished with nickel catalysts under 
pressure^^. Again, instead of the three double bonds expected, only two 
can be found in the addition products, meaning that one disappeared in the 
diene synthesis. This result, which was originally noted in the adduct with 
maleic acid, was confirmed for all other addition products as well. The 
result of the catalytic hydrogenations can be explained only by the presence 
of a tricyclic ring system in the addition products. 

To further prove the constitution of the adducts, the acrylic acid addition 
product (melting at 113°C) was prepared, perhydrogenated, converted to 
the acid azide, and to the amine which was decomposed and reduced to the 
saturated tricyclic hydrocarbon CioHis. 

w D,R.Pat. Anmeldung 1-74,097 IVc/12o. 
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COOH 






L_ 

n 






Sfd-Endocyclobuta” Sfd-Eiidocyclo- S^G-Endocyclo- 

dienyleiie cyclo- butylene cyclo- butylene cyclo- 

hexene-Jf-carboxylic hexane carboxylic hexylamine 



5, 6’Endocyclobutylene 3, G-Ejidocyclobutylene 

cyclohexane cyclohexene 

[2, 5-Endoethylene 
bicyclo- (Of 2t4yoctane] 


I'he primary product of the diene synthoftis from benzociuinone and cyclo- 
oetatetraene was prepared by condensation of the (components in dichloro- 
l)enzene at 140°. It melts at 14l°C, has a quinoid structure, is difficultly 
soluble in alcohol and easily soluble in benzene. The hydroquinone form 
was obtained directly by condensing without solvents at 180 to 200°C, 
or by heating the adduct itself to 180 to 200°C. Quinone was prodiu^ed 
simultaneousl}^ probably due to splitting of the addition product. Reduc- 
tion of the two adducts did not give identical products. 

|m.p. 139° 

o Ob 




CmHmOj, m.p. 164-170' 
(mixture of isomers) 


C14H22O2, 
m.p. 181-182' 
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The new adducts were characterized as the acetates and the methyl 
ethers. 



m.p. 106 ° 


Benzoquinone adds two molecules of cyclooctatetraene to a limited 
extent according to the diene synthesis, yielding the following product : 


O 



Addition products with naphthoquinone and with acetylene dicarboxylic 
acid ester were also made. At first the condensation was effected with 
naphthoquinone at 180 to 200°C, but anthraquinone was obtained. If 
condensation is performed in solvents at 140°C, however, a product of the 
formula CigHizOj results. This substance melts at 192°, is yellow in color, 
and can be used as a vat dye with sodium hyposulfite and caustic. This is 
evidently not the primary product ; two hydrogen atoms which were origi- 
nally present in the diene synthesis have been lost by dehydrogenation. 
1 ,4-Dihydroxynaphthalene was isolated as a by-product. A compound of 
unknown constitution (melting at 243 to 247°C) was also formed. 



IfJ^Endocyclobuta^ 
dienylene^lfj^ di- 
hydroanthraquinone 


In the preparation of the addition product of cyclooctatetraene and 
acetylene dicarboxylic acid ester, small quantities of phthalic acid esters 
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are formed as by-products. If condensation is carried out at a higher 
temperature, phthalic acid esters are the main product. 

The free acid of the addition product of cyclooctatetraene to acetylene 
dicarboxylic acid ester melts at 158 to 159°C. 




C—COOR 


-f 


lo 


lOOR 


Condense 

> 

Hydrolyze 




Sf 6-Endocyclo- 
hutadienylene 
cyclohexadiene-1, 4- 
dicarboxylic acid-1,2 


When subjected to thermal decomposition according to the Alder-Rickert 
method, these decompose to anthraquinone and phthalic acid esters, 
respectively. This proves that condensation occurs in the 1,4-position of 
cyclooctatetraene. The number four position comes from the third 6- 
membered ring of the anthraquinone which is produced by thermal de- 
composition. However, instead of the unknown cyclobutadiene, whose 
formation might be expected, only resinous polymerization products are 
formed, probably due to polymerization of decomposition products at high 
temperature. 

In all these pyrolysis or cracking experiments, neither acetylene (which 
should have been formed, as cyclobutadiene cannot exist according to 
Willstatter) nor vinyl acetylene (which might be produced according to the 
formula) was isolated. 

In spite of the fact that this last link is missing, it can be assumed with 
certainty, based on the results of hydrogenation and of decomposition by 
the Alder-Rickert method, that the diene synthesis of cyclooctatetraene 
passes through an intermediate stage of bicyclooctane from which the 
tricyclic ring system is formed. 

Configuration of Diene Addition Products. Work on the configuration of 
various diene addition products of cyclooctatetraene was started but had to 
be stopped owing to war conditions. Research on configuration is essential 
because of the formation of new ring systems and the conversion of one 
ring system into another ; it is necessary also to permit conclusions about 
the unknown course of some reactions such as dimerization. 

The first product dealt with was the maleic anhydride addition product 
of cyclooctatetraene, which according to Alder is probably formed as an 
^ ^endo-cts-compound ’ ^ . 
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This was proved as follows : The sodium salt of the dicarboxylic acid, pro- 
duced when the maleic addition product is saponified with caustic soda, was 
reacted with one mole of chlorine or bromine to form a monohalolactone- 
monocarboxylic acid. As is known, the ‘double bond of the 6-membered 
ring is more reactive and halogen is added there. One carboxyl of the 
maleic addition product is now closed to give the lactone ; this is effected by 
splitting off the hydrogen halide originating from halogen in the cis position 
and the hydrogen of the carboxyl group. 



The formation of a lactone ring is possible only if the two carboxyl groups of 
the maleic addition product are in the “endo position,’^ the cis position of 
the carboxyls being proved by the formation of an anhydride. The fact 
that the dihydro adduct and its dicarboxylic acid do not react with bromine 
under the same conditions is further proof of the constitution of partially 
hydrogenated addition products. Confirming the results of Diels and 
Alder, the ‘^endo-m’^ configuration is thus proved for addition products of 
cyclooctatetraene. The dilactone has not been made, which should indi- 
cate the position of the second halogen atom which is not split off, without 
changing the conclusions about the '^endo position.” 

A number of configurative changes of the maleic addition product were 
made; these indicated a number of possible isomers. The ^'endo-cts- 
dicarboxylic acid” of the maleic addition product can be rearranged to 
“^rans-dicarboxylic acid” (m.p. 220^C) by heating the crystallized di- 
methylester (m.p. 52 to 55°C) with sodium methylate, according to 
Heuckel and Groth . 

The dihydro and tetrahydro acids of the trans series can be made by 
partial, or exhaustive hydrogenation of the trans acid. They can be made 
also from esters of cis acids by rearrangement, according to Hueckel and 
Groth. One representative of the “exo” series was made by catalytic 
hydrogenation of the anhydride of the addition product with acetylene 
dicarboxylic acid. It was the “exo” tetrahydromaleic addition product, 
melting at 154 to 155®C. The “endo” tetrahydromaleic addition product 
melts at 128 to 129®C. The trans acid is^ of course, incapable of forming 
an anhydride. 



Ester. 
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O 

+ 7 7 

» ta 

0=0 


■^COOCH, ^ ^COOCHj ^COOCHj ^ WcOOCHj 

COOCHi COOCHj COOCH* COOCH3 



NaOCHg NaOCHg NaOCH 
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Among other reactions, the more reactive double bond of the maleic 
addition product, i.e., the “endo-m” ester, was also reacted with perben- 
zoic acid, thus forming the oxide. It was formulated without additional 
proof as /mw6‘-oxide, similarly to Aider's. Bromination of the ester is more 
complicated, producing the monomethylester of “bromo-lactonic acid” 
and '^dibromoester” (melting at 225 to 227°C), which after saponification 
with caustic potash gives the free acid (melting at 234 to 236°C). If the 
dibromoester is saponified with concentrated sulfuric acid, it readily yields 
the anhydride of the “dibromo acid,” which melts at 277 to 278"'C. Since 
“bromo-lactonic acid” was not formed by alkaline saponification, it is 
likely that the bromine atoms are in the trans position. 

Research on configurations is still being carried out. This is the case not 
only for the diene addition products (position of the 4-mcmbered ring is 
still doubtful ; in the above formulas it was pictured in a chair-like structure 
of cyclooctatetraene) but for all derivatives of cyclooctatetraene which can 
be obtained by chemical reactions. 

Polymerization of Cyclooctatetraene and Its Dihalogen Derivatives. 

Dimerization, Cyclooctatetraene and its dihalogen compounds polymerize 
if they are left standing for a long time, or more quickly when heated^^ 
Only the dimeric cylooctatetraene, which can be obtained if cycloocta- 
tetraene is refluxed with admission of air for several hours, has been closely 
examined. A mixture of at least two isomeric hydrocarbons of the formula 
CisHie is formed, one of which melts at 43®, whereas the other is a viscous 
oil boiling at 298® (separated by addition of ether and chilling)^^ The 
solid hydrocarbon has three double bonds by catalytic hydrogenation ; the 
liquid isomeride, however, has only two. The dimerization can be made 
homogeneous by exclusion of air (nitrogen)^, and only the liquid hydro- 
carbon Cieliie is formed. On perhydrogenation the solid hydrocarbon 
CieHie gives a liquid hydrocarbon, C 16 H 22 , which boils at 140°C/1 mm, 
Avhereas perhydrogenation of the liquid hydrocarbon produces a solid 
C 16 H 20 with a melting point of 30 to 35°C^®. 

Dimerization of cyclooctatetraene is without doubt a diene synthesis, 
for some double bonds disappear ; this can be explained only by the forma- 
tion of new rings. Moreover, there is absolutely no aromatization because 
no decomposition products of an aromatic nature, such as benzoic acid or 
phthalic acid, can be found. No aromatization could be detected on dehy- 
drogenation. It may be assumed that the unsaturated hydrocarbon is 
formed by diene condensation of two molecules of cyclooctatetraene. 
Primarily, conversion of the 8-membered ring into the bicyclooctane- 

D.R.Pat. Anmeldung 1-70,996 lVd/12o. 

B-' D,R.Pat. Anmeldung 1-73,901 IVd/]2o. 

D.R.Pat. Anmeldung [-74,028 IVd/12o. 

D.R.Pat. Anmeldung 1-74,006 IVc/12o. 
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(0,2,4) system will probably occur; this undergof\s a dicno synthesis with 
itself as the dienophil component: 



The dimeric compounds have only two or three double bonds, however; 
hence the end product of dimerization cannot have such a simple formula. 
It must undergo further ctyclization by a second diene synthesis which may 
occur intramolecularly : 



Accordingly, a product of dimerization would result which would contain 
only two double bonds, corresponding to the dimer produced in an atmos- 
phere of nitrogen. It is presumed that the reaction in its primary stage 
passes through the “exo’’ stage, as has been proved for the thermal polymer- 
ization of cyclooctatetraene by Alder. 



2 Cyclooctatetraenes CieHie (1 liquid) 
as Bicyclo-{0,2fjY)~ 
octatrien€-{2tIf,7) 

Intramolecular diene synthesis may, however, take place in such a way 
that t,he double bond of the 6-membered ring, which was produced in the 
first diene synthesis, acts as dienophil component for the second diene 
synthesis. Dimerization would then proceed in the following way pri- 
marily over the ^^endo’’ stage: 
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This formulation is impossible for the hydrocarbon containing three double 
bonds. 

The reactivity of dimeric cyclooctatetraene with carbon monoxide and 
water under the catalytic influence of nickel carbonyl is remarkable. The 
liquid modification gives a dicarboxylic acid, the dimethyl ester of which 
boils at 200 to 205°C at 0.6 mm. The solid compound which contains 
three double bonds also gives a dicarboxylic acid when treated similarly. 
The boiling point of the dimethyl esters is practically the same. These 
dicarboxylic acids are produced when cyclooctatetraene is subjected to the 
same reaction, probably due to dimerization. 

The liquid halogenation products change to the well crystallized dimer- 
ides, CieHieCh and Ci 6 Hi 6 Br 4 , melting point 190 and 218°, respectively. 

Polymerization of Cyclooctatetraene with Catalysts. Attempts were 
made to polymerize cyclooctatetraene by means of oxidizing agents such 
as benzoyl peroxide and hydrogen peroxide, and with acid catalysts such as 
boron fluoride dihydrate, boron fluoride etherate, phosphotungstic acid, and 
iodine. No positive results were obtained. A small amount of rubber- 
like polymer was obtained at the liquid-air interface under the influence of 
light. The presence of peroxides gives only dimeric compounds. Treat- 
ment with gaseous oxygen yields oil-soluble resins (softening at n4°C) 
which, according to molecular weights, are tetrameric compounds. 

Experiments indicate that cyclooctatetraene in acid or alkaline emulsions 
polymerizes to a hydrocarbon, CieHie. This colorless, viscous dimer boils 
at 130 to 132°C at 0.8 mm. It is spontaneously generated if cycloocta- 
tetraene is left standing for some time, even in an ice box. This dimeriza- 
tion is accelerated very slightly by such catalysts as benzoyl peroxide. 

Emulsion Polymerization of Cyclooctatetraene. Cyclooctatetraene was 
redistilled in vacuo under a current of nitrogen. Experiments were con- 
ducted in pressure test tubes of 50 cc volume. The proportion of organic 
phase to water was 1:1. The quantity of amphoteric soap was 4 per cent ; 
the persulfate content was 0.3 per cent. Resinification of cycloocta- 
tetraene due to the influence of acids was repressed by adjusting the pH to 
10 with sodium hydroxide. After polymerization the pH was 7.5. 

Experiments included (1) cyclooctatetraene 66 per cent, butadiene 34 
per cent (mole 1:1); (2) cyclooctatetraene 30 per cent, butadiene 70 per 
cent; and (3) cyclooctatetraene 100 per cent. Corresponding experiments 
were conducted for check and comparison using butadiene and styrene in 
equimolar proportions, and in a proportion of 70 : 30. All experiments were 
run for 62 hours at 50°C with agitation. 

The experiment involving 30 per cent of cyclooctatetraene and 70 per 
cent of butadiene exploded. Only traces of polymer were formed with 
the 66:34 mixture; no polymerization occurred with 100 per cent cyclo- 
octatetraene. The mixture of equimolecular quantities of butadiene and 
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styrene gave 85 per cent polymer, while the 70:30 ratio yielded 55 per cent 
polymer. 

Experiments were conducted to determine the influence of boron tri- 
fluoride as a catalyst. The results were negative. These experiments were 
carried out as follows : Three grams of cyclooctatetraene were mixed with 
1, 5 and 10 per cent of boron trifluoride. No heat was evolved nor did 
polymerization take place at low temperatures after 24 hours. After heat- 
ing for 1 hour to 95°, the sample containing 10 per cent of boron trifluoride 
polymerized to a black gelatinous mass. The activity of the boron tri- 
fluoride was cheeked by polymerizing a vinyl ether. One-half cc of 1.25 
per cent solution of boron trifluoride in tetrahydrofuran added to 25 cc of 
the ether brought about complete polymerization. 

Azulene (CioHg) and Higher Cyclopolyolefins, CioHio and C12H12 

In the experiments to produce cyclooctatetraene, small amounts of other 
hydrocarbons boiling from 195 to 240°C were formed, the quantity depend- 
ing largely upon the temperature of the reaction, and amounting to roughly 
5 to 10 per cent of the yield. It was assumed that these products were 
cyclopolyolefms, mainly cyclodecapentaene and cyclododecahexaene. 

The war interrupted the study of these products, the separation of which 
proved extremely difficult. Separation by distillation was not feasible, 
but chromatographic adsorption methods were useful in identifying the 
compounds. By using petroleum ether as a solvent and fused aluminum 
oxide as an absorbent, azulene was separated and crystallized. It was 
purified by sublimation and recrystallization from methanol. It melted 
at 99 to 100°C and was identified by conversion to the trinitrobenzolate 
(m.p. 167 to 168°C). This product was identical with that produced 
synthetically from hydrindene and diazoacetic acid ester. 

The formula of azulene was found by Plattner and Pfau to be bicyclo- 
(0,3, 5)-decapentaene- (1 , 3 , 5 , 7 , 9)®^. 

H H 

C C=CH 

/V \ 

HC CH 

X/'X / 

C C— CH 

H H 

As soon as it was established that the blue color was due to azulene, it 
was possible to isolate this product by means of its addition products with 
trinitrotoluene or picric acid, rather than by chromatographic methods®®. 
The blue-colored fractions were simply mixed with a methyl alcohol solu- 

Helv, Chim. Acta, 19 , 865 (1936). 

» Helv, Chim. Ada, 20 , 224 (1937). 
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lion of trinitrotoluene or picric acid to give the derivative. The trinitro- 
toluene addition complex could he obtained by reciystallization from alco- 
hol in the form of brownish needles melting at l()7 l-o 1()8°(/, and the picrate 
as violet needles melting with decomposition at 144 to 148°C. 

Azulene was also isolated by the phosphoric acid method described by 
SherndalP^, Kremers®^, and Plattner and Pfau^b The blue distillates were 
diluted with petroleum ether and shaken with phosphoric acid, the azulene 
reacting with the acid, while the other chemicals remained dissolved in the 
petroleum ether. The azulene is precipitated in crystalline form when the 
red phosphoric acid solution is decomposed with ice water. It is pressed 
on a clay dish, sublimed and recrystallized from methanol to give dark blue 
glittering tablets melting at 99 to 100°C. Once azulene was obtained in 
pure form, it was possible to estimate the quantity of azulene present in 
other distillates l)y colorimetric comparison with a solution of known azu- 
lene content. 

The quantity of azulene formed under conditions which are suitable for 
the production of cyclopolyolefins is very small. In an autoclave holding 
four liters and charged with two liters of tetrahydrofuran and catalyst, there 
are obtained approximately 250 grams of cyclooctatetraene, 30 grams of 
higher polyolefins, and 0.5 gram of azulene. 

Dark-colored distillates of the C 12 H 12 fraction, boiling at 240 to 242°C 
(753 mm), contained 3 to 5 per cent of azulene. However, azulene isolated 
by means of the picric or phosphoric acid method was not recovered in 
quantities equivalent to that known to be present by colorimetric analysis. 
The phosphoric acid method gives a recovery of 60 to 65 per cent, the picric 
acid method only 45 to 50 per cent of the theoretical quantity, indicating 
that the phosphoric acid method is preferable. 

Isolation of Azulene (CioHg) from the Blue Hydrocarbon Fraction 
CioHio and C12H12. Thirty-five grams of blue hydrocarbon, boiling at 71 
to 94°C (5 mm), are dissolved in 140 cc of low-boiling petroleum ether, 
which is cooled and shaken with 40 cc of 80 per cent phosphoric acid until 
the ether is decolorized. The red-brown phosphoric acid solution is then 
separated from the yellow petroleum ether solution and washed with several 
portions of petroleum ether. The phosphoric acid solution is mixed with 
ice water and ether, and the ether solution washed neutral and dried with 
sodium sulfate. Ether is distilled off, leaving azulene as a blue solid which 
is dried on a clay dish and sublimed. The yield is 0.583 g of azulene, melt- 
ing at 97 to 99°. The colorimetric analysis of the 35 g of blue hydrocarbon 

Am, Chem. Soc., 37 , 167, 1537 (1916). 

J. Am, Chem. Soc,, 46 , 717 (1923). 

Helv, Chim, Acta, 9 , 131 (1926). 
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indicated 0.970 g present. Recrystallization from methanol gave blue 
tablets melting at 99 to lOO^C. 

Cells (128.06) Calcd.: C, 93.71 ; H, 6.29 
Found: C, 93.71; H, 6.38 

Aziilene distills at atmospheric pressure at 237 to 239°C. 

The discovery that the blue color of the high-boiling fractions in cyclo- 
octatetraene production is caused by a minute quantity of azulene throws 
some light upon the presence of blue color in similar processes. Schlaepfer 
and Stadler®- obtained blue distillates, the color of which they attributed 
to azulene, from cuprene tar. It is doubtful, however, if they proved this 
by isolating the compound in pure form. Their hydrocarbon was not 
believed to be pure but rather a mixture. Herzenberg and Ruhemaiin®^ 
isolated a dark blue oil from brown coal tar. They did not isolate azulene 
and assumed the color to be due to sesquiterpenes. Ruzicka and Rudolp®^ 
doubted the conclusions drawn by Herzenberg and Ruhemann, and are of 
the opinion that since Schlaepfer and Stadler demonstrated the formation 
of blue hydrocarbons from acetylene, Herzenberg’s theory needs furthei* 
proof because blue hydrocarbons may be produced by pyrogenic decomposi- 
tion. 

This was confirmed quite recently when Schwarz^^ polymerized acetylene 
in a shock-chilling tube and obtained blue distillates. It is )>elieved that 
the blue color hitherto attributed to various substances has always been due 
to azulene, that is, imsubstituted CioHg; the formation of substituted azu- 
lenes is considered unlikely. It may be mentioned that when Walter®® 
tried to synthesize cyclodecapentaene by dehydrogenation of cyclodeca- 
diene, he obtained a blue distillate at 250°C. 

Apparently the deep blue color frequently observed in the vinylation of 
high-boiling alcohols and glycols is also due to the presence of traces of 
azulene. Thus it appears likely that azulene is produced by thermally 
induced condensations of acetylene rather than by catalytic reactions in 
the presence of nickel salts. 

Experiments to increase the azulene content in reactions involving cyclo- 
polyolefins were projected, but the defeat of Germany interrupted this 
work. 

Isolation of CioHio and C12H12 Cyclopolyolefins. When it was found 
that azulene was always present in reactions involving the preparation of 
higher cyclopolyolefins, and that it could be removed by the phosphoric 

Helv, Chim. Acta, 9, 186 (1926). 

88 Ber., 68, 2249 (1926). 

Helv. Chim. Acta, 9 , 118 (1926). 

88 J. prakt. Chem. (2), 166 , 205 (1940); (2), 168 , 2 (1941). 

60 Walt her, Dissertation, Karlsruhe, 1939. 
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acid method, the separation of the two hydrocarbons, CioHio and C 12 H 12 , 
in pure form became possible. These higher olefins were prepared using 
the cyclooctatetraene reaction, but the yield was increased by raising the 
reaction temperature. The reaction temperature for maximum production 
of cyclooctatetraene is GO to 70°C. If the temperature is increased to 90 
to 100°C, there is an increased production of the orange-colored hydro- 
carbon, CioHio, which boils at 47 to 50°C (2 mm) or at 195 to 197°C (755 
mm). The yellow colored hydrocarbon, C 12 H 12 , is formed in appreciable 
amounts at a reaction temperature of 120 to 130”. In all these reactions 
naphthalene is also formed. 

Production of CioHio (orange-colored hydrocarbon). Eighteen hundred 
cc of tetrahydrofuran (perfectly dry), 100 grams of ethylene oxide and 30 
grams of nickel cyanide (anhydrous) are reacted with acetylene in a 5-liter 
autoclave at 90 to 100”C and under 15 to 20 atm pressure, 5 of which are 
nitrogen, as described above. The catalyst and cuprene are separated by 
filtration ; solvent and cyclooctatetraene are distilled off leaving a blue-green 
fraction boiling between 42 and 60”C at 2 mm. Traces of glycol and di- 
glycol are removed by water-washing and drying. (The glycol is from 
ethylene oxide and water.) In order to remove the azulene, which is the 
cause of the blue-green color, the distillate is mied with petroleum ether 
and shaken with 80 per cent phosphoric acid. The petroleum ether is 
washed neutral, dried with sodium sulfate, the solvent distilled off, and 
the residue then fractionated. To remove minor quantities of oxygenated 
compounds (peroxides ?), the hydrocarbon (b.p. 43 to 50”C at 2 mm) is 
dissolved in low-boiling petroleum ether, contacted with aluminum oxide, 
freed from solvent and the residue vacuum-distilled. The orange colored 
hydrocarbon, CioHio, is then obtained with a boiling point of 47 to 50” 
at 2 mm. 

Production of CioHio (pale yellow hydrocarbon). The pale yellow 
hydrocarbon CioHio is obtained from the last runnings of the CgHg fraction 
and from the first runnings of the C 12 H 12 fraction Its boiling point is 
practically identical with the orange-colored CioHio. 

Production of C 12 H 12 (yellow). The reaction is carried out exactly as 
described above, except that the temperature is 120 to 140”C. After the 
solvent, benzene and cyclooctatetraene have been distilled off, and glycols, 
azulene, and oxygen compounds have been removed, as described above, 
two fractions, CioHio (pale yellow), boiling at 33 to 36”C at 0.4 mm, and 
C 12 H 12 , boiling at 77°C at 0.8 mm and 240 to 242”C at 753 mm, can be ob- 
tained by fractionation. 

Properties of Orange-Colored CioHio Cyclopolyolefin. This cyclopoly- 
olefin has the following properties. 

CioHio (mol wt, 130.08) Calculated: C, 92.26; H, 7.74 

Found: C, 92.47; H, 7,73 
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Boiling point ; 47 to 60° at 2 mm 

195 to 197® at 755 mm 

Refractive index: = 1.5755 

= 0.9344 

Rd calculated) : 43.85 (CioH.o with 5 double bonds) 

iiD (observed): 46.05 

Kydrogenation number (as iodine number) at 50° ~ 838 

for CioHio with four double bonds, the calculated value is 781 and for five 
double bonds, 977 . Evidently, there are more than four double bonds. 



Figure V-6. Hydrogenation curves of CioHio 


Curve A CwHio (orange) with PtOj in glacial acetic acid 
Curve B—CioHio (orange) with palladium on CaCOa in CHaOH 
Curve C— CiaHio (yellow) with palladium on CaCOa in CHaOH 

The orange-colored hydrocarbon, CioHio, gives a solid addition product 
with cuprous chloride dissolved in ammonium chloride. Addition products 
are obtained with both two and three moles of maleic anhydride. Partial 
hydrogenation with palladium-calcium carbonate catalyst in methanol 
showed a steady absorption of hydrogen equivalent to double bonds. 
Then the hydrogen absorption dropped rapidly and finally stopped as shown 
in curve B, Figure V-6 ; this hydrogenation behavior is similar to that ob- 
served in the reduction of cyclooctatetraene to cyclooctane. Upon 
hydrogenation with platinum oxide in glacial acetic acid, a steady absorp- 
tion of hydrogen equivalent to four double bonds takes place in three hours. 
The fifth double bond is hydrogenated very slowly, the reaction taking 
twenty hours (Curve A, Fig. V-6). Analysis of this hydrogenated product. 
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which boils at 179 to 201%', conforms, however, to the lormula CioHis 
rather than to C 10 H 20 . By perhydrogenation with Raney nickel catalyst 
at 20 atm and 130 to J40°G, a quantity of hydrogen equivalent to five 
double bonds is readily absorbed. The product C 10 H 20 boils at 175 to 
179°C. It is colorless and saturated. 

Oxidation of the various liydrogenation prodiud.s, using permanganate 
or nitric acid, did not give conclusive results; either the conditions of oxida* 
tion or the oxidizing agents were chosen wrongly. While all experimental 
data indicated that th(^ orange-colored hydrocarbon was cyclodecapen- 
taene, the possibility that it is vinyl cyclooctatetraene is not 3 ^et excluded. 

Properties of Yellow-Colored CioHio Cyclopolyolefin. The properties 
of the yellow hydrocarbon GioHio are as follows : 


C'loHiu (mol wt. 180. OS) 
point ; 

nV 

dT 

Rj) (observed) 

Ro (calcd.) 


Calculated: C’, 92.26; 11, 7.74 

Found: C, 92.15; H, 8.07 

46-5r at 2 mm 

195“ 196° at 758 mm 

1.5790 

0.9400 

46.00 

43.85 (CioIIio with 5 double bonds) 


In contrast to the orange colored CioHio, it gives no addition products with 
cuprous chloride. It reacts with maleic anhydride like the orange-colored 
product, although the yield is inferior. The colorless addition product 
with three moles of maleic acid anhydride is insoluble, or nearly" so, in 
most solvents. It dissolves in hot sodium hydroxide solution, forming the 
sodium salt of a hexacarboxylic acid. The addition product with two 
moles of malei(^ anhydride c^an be recrystallized from acetone. 

Analytical data of these products are as follows : 


CaoIIio'3 GblbO.j 
(mol wt . 424) 
CioH,(,-2 C 4 H 2 O 3 
(mol wt. 376) 


Calculated: C, 62.26; H, 3.80; O, 33.94 
Found: C, 62.23; II, 4.10; O, 33.9 

Calculated: C, 66.25; H, 4.33 
Found: C, 66.25; H, 4.74 


In contrast to the orange-colored CioHio, on hydrogenation with palla- 
dium-calcium carbonate catalyst at 24°C and 720 mm in methanol solution, 
the hydrogen equivalent to only two double bonds is readily absorbed (curve 
C, Fig. V-6). Perhydrogenation with Raney nickel catalyst yields the 
same product obtained from the orange-colored substance. This product 
is C 10 H 20 , boiling at 23 to 25°C at 0.4 mm or 175 to 179°C at 755 mm. 


C 10 H 20 Calculated: C, 85.62; H, 14.37 

(mol wt. 140.16) Found: C, 86.62; H, 14.07 

1.4622 

Oxidation of the hydrogenation products gave no useful results. 
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Ihe appearance ol two hydroearbon.s CioHio with practically the same 
boiling; points but different gravities and refractive indexes is noteworthy. 
The complete agieement of molecular refraction is probably more than 
coincidental. Possibly, they are stereoisomeric or mesomeric compounds. 
Experiments with Stuart’s atomic models proved that CioHio can exist in 
f.wo stereoisomeric forms. This may explain the different boiling points of 
the perhydrogenated products CioHw,. 

Properties of the Yellow CjjHn Cyclopolyolefin. Analytical and 
physical data are as follows : 


(mol wt. 156.096) 
Boiling point : 

Mol. wt. (in bonzone): 
df = 1.0213 
iV;" = 1.5803 


Calculaidd: C, 02.26; H, 7.74 
Found: O, 92.28; H, 7.88 

77° at 0.8 inm 
240-242° at 753 rnin 
150 

Ri) (calculated) 52.62 (fne 6 double btfiids) 
Ri) (observed) 51.54 


Professor Klemtn (Duiizig) determined the magnetic susceptibility of 
C'12 Hi 2 which was contaminated with 3 per (‘ent azulene and obtained 87.9 
X lO'^^cgs, 

Hydrog(uiation experiments were conducted with hydrogen both with 
and without pressure. No conclusive results were obtained. On hydrogen- 
ation w ithout pressure the absorption of hydrogen was not quite equivalent 
to two double bonds. It was not possible to hydrogenate exhaustively to 
(V2H24; the highest absorption of hydrogen yielded C12H22, a terpene-like 
oil boiling at 64 to 65°C at 0.5 mm and 240° at 753 mm. 

The hydrocarbon C12H12 readily absorbs one mole of bromine when 
treated at 0 to 5°C wdth bromine dissolved in methylene chloride. No 
more bromine is absorbed ewen after 24 hours at room temperature. The 
dibromide is a yellowish viscous oil incapable of being distilled without 
decomposition. 

With perbenzoic acid (chloroform solution), an oxide with the formula 
C12H12O and boiling at 110 to 113°C is formed. 

The yellow hydrocarbon C12H12 w^hen passed over palladium-carbon 
catalysts in vacuum at 250 to 260°C gave a colorless liquid which reacted 
with picric acid to form a picrate crystallizing in yellow^ needles, melting 
at 127 to 129°C. Analytical data indicated this material to be the picrate 
of 1,2-dimethylnaphthalene; a mixed melting point with an authentic 
sample confirmed this. 

Without additional evidence, the structure of this hydrocarbon must 
remain unsettled. Reppe believes that it must be cyclododecahexaene. 


Uses of Cyclooctatetraene and Higher Cyclopolyolefins 

On the basis of preliminary work, it is possible to prophesy that cyclo- 
octatetraene will be of considerable technical importance in the near futun*. 



220 


ACETYLENE AND CARBON MONOXIDE CHEMISTRY 


It cannot be doubted that it will be possible to produce this interesting and 
reactive product in good yield by a continuous technical procedure. This 
would give a new and relatively cheap basic chemical for industrial organic 
chemistry which should be the key not only to the chemistry of the 8 -mem*- 
bered rings, which have been so inaccessible until now, but it should also 
make possible the production of some benzene derivatives, which are diffi- 
cult to make, and the synthesis of interesting new compounds, many of 
which will prove to be of considerable importance. 

Some possible future fields of use for cyclooctatetraene can be antici- 
pated. Its diene addition products are starting materials for outstanding 
lacquers; suberic acid, which can be obtained from cyclooctatetraene by 
way of cyclooctane or cyclooctene, is of interest for polyamide chemistry. 
Cyclooctene, the double bond of which is capable of undergoing all the 
reactions of ethylene chemistry, offers a new approach to the chemistry of 
the 8 -membered ring and its derivatives. It is possible, for instance, to 
synthesize caprylo-lactam, a fundamental structural element for poly- 
amides, via cyclooctene cyclooctanol — > cyclooctanone — ^ cyclooctanone- 
oxime caprylo-lactam. It is furthermore expected that the new synthe- 
sis of cyclooctatetraene supplies a new starting material for alkaloid 
syntheses and will make possible the production of new and valuable 
pharmaceuticals. Cyclooctatetraene may lead to new synthetic perfumes. 

Cyclooctatetraene absorbs ultraviolet rays, even in dilute solution and 
may be used in cases where protection from the action of ultraviolet light 
is desired. Cyclooctatetraene can, therefore, be used in skin-protecting 
cold creams or as a component of plastics (polymethacrylates, allyl resins, 
etc.) which are desired to be impermeable to ultraviolet rays. 

Accordingly, it is safe to predict that cyclooctatetraene will have con- 
siderable importance in the future. 

Nothing can be predicted about the future use of the CioHio and C12H12 
polyolefins. They may have a field of application in medicine. Prof. 
Kuhn of Heidelberg found that a preparation of C12H12, which was blue in 
color and contaminated with 3 per cent of azulene, stopped inflammation of 
tissues. According to Kuhn, the growth of certain pathogenic bacteria was 
checked completely by dilute solutions ( 1 : 100 , 000 ). This result was not 
confirmed by the pharmacological section of I. G. Hochst and Elberfeld. 
It was possible that Kuhn had been using very sensitive bacteria. It 
canpot be stated with certainty whether or not all the testing laboratories 
obtl^ed the same preparation ; this is not surprising, considering the ter- 
rible conditions under which the work had to be done. It was believed that 
the effect observed by Kuhn might be attributed to azulene, and arrange- 
ments were made to isolate the chemicals CioHio, C12H12 and CioHg and 
to test them separately. Recently, it was learned that these tests gave 
negative results. Neither the individual chemicals nor their mixtures 
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exhibited any inflammation-checking properties. There is still the possi- 
bility that in purification (phosphoric acid, chromatographic methods) 
minute quantities of exceedingly active chemicals may have been removed, 
or that polyolefins CioHio and C 12 H 12 had already undergone structural 
changes. In any case, the observation of Kuhn is so interesting that it 
deserves to be looked into more closely. 

Further research on the cyclopolyolefins CsHs, CioHio, C 12 H 12 , etc., 
will prove to be a rich mine of scientific discoveries. It is to be expected 
that it will bring about important contributions to the knowledge of the 
behavior and structure of organic ring compounds. All experience points 
to the fact that this field is the theoretical bridge linking aliphatic and 
aromatic chemistry. 

Theory of Cuprene Formation 

It is probable on the basis of the mode of formation and the reactivity of 
cyclopolyolefins that the products of thermal condensation of acetylene, 
acetylene tar and cuprene (as found by Berthelot and later by many others) 
are formed through the cyclopolyolefins as intermediates. The simplest 
cyclopolyolefin, cyclobutadiene, is incapable of existence; it is likely that 
it decomposes as soon as it is formed. The next higher cyclopolyolefin 
is cyclohexatriene, the extremely stable benzene. The formation of 
cyclooctatctraene from acetylene was never previously observed in products 
formed by pyrogenic condensation at high temperature. However, in view 
of the instability of that hydrocarbon, this is not surprising. By assuming 
the formation of cyclooctatetraene as an intermediate it is possible to ex- 
plain the formation of the aromatics normally isolated in this reaction by 
aromatization forming bicycle- (0,2, 4 )-octatriene and subsequent splitting 
of the two 3-membered rings forming toluene, xylene, styrene, etc. The 
next higher homolog, the hydrocarbon CioHio (cyclodecapentaene) forms 
naphthalene, which appears in cuprene tar and in all products of condensa- 
tion at higher temperature. The hydrocarbon C 12 HX 2 is the intermediate 
for the methylnaphthalene fraction (methylnaphthalene and dimethyl- 
naphthalene) ; Ci 4 Hi 4 could not be isolated, but its presence in the higher 
fractions is probable ; it would give anthracene and phenanthrene (experi- 
ments to isolate those two compounds from the soluble resinous residues of 
cyclopolyolefin production are still incomplete). By further condensation 
and aromatization, cuprene is finally produced ; its structure has a decidedly 
aromatic character, as Kauffmann®^ has proved. Further research in the 
field of cyclopolyolefin chemistry will go far toward elucidating the problem 
of cuprene formation. 

Ber„ 66. 267 (1922); 66, 2633 (1923). 



Appendix to Chapter V 

Physical Properties of Derivatives of CJyolooctatetraenc 


(1) C^Hh 


(2) (UlWh 


(3) C4H4Bro 


(4) C4H4B1V, 


(5) (^H4C]r, 


Cyclobutane 

IDC— CPI, 


n,c— cii, 

1 , 2-Dichlorocyclobutene-S 



Small white plates from ligroiii. M.p. 44 ""C; b.p. 
133°C/76() mm; Df 1.2692; Nd 1.5121. Obtained by 
thermal decomposition of the addition product of 
C JisCh (15) and naphthoquinone. 

1 , 2-I)ibromocyclohuierie-S 


Ckdorless oil. B.p. 174 to 175°C/760 mm. Obtained 
by thermal decomposition of the addition product of 
CsHnBr^ (18) and acetylene dicarboxylic acid ester. 

1 ,2, S, ^-Telrahromocyclobutane 

Br""^ ^Br 

Colorless oil. B.p. 110°C/1.5 mm; NZ 1.6303. Ob- 
tained by brominating C 4 H 4 Br 2 (3) with one mole of 
bromine in chloroform. 

1 y2, 3 fi, 4-Hexachlorobuianc 

CI,HC— CH— CH— CHCl, 

I I 

Cl Cl 

Colorless prisms from ether, glacial acetic acid or 
benzene. M.p. 109 to 110°C. Obtained by intro- 
ducing chlorine into a cPiloroform solution of C4H4CI2 
(2) at 25 40 30^^0. 
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(6) C4H4Cl2Br2 1 y£-DicMoro~3y4-dibr()mocyclobutane 



('oloricwss liquid. B.p. 79''C/0.6 mm; 1.5757; /)f 
2.0784. Obtained from the reaction of oik* mole of 
bromine with 1,2-dichlorocyclobutene (2) in chloro- 
form. 

(7) C4H2Cl2Br4 ]\}ssibly 1 ^2-dichloro-l ,2, S, 4-t^tTahromocyclobutanc 

Br 



Br 


i^risms from glacial acetic acid. M.p. 128 to 12!)°C' 
Obtained by reacting two moles of bromine with 
C4H4CI2 (2) in carbon tetrachloride. 

(8) C4H204N2C'l2 Fosnihly 1 ,2-dicMoro-S ,4-d^niirocycLobutene-S 



Yellow prisms from methanol. M.p. ]27°C. 

( 0 ) C7H12O4 Pmdicacid 

IIOOC- CH > • CAh ■ CHo - Clio . CH: -COOK 
White crystals from benzene. M.p. 104 to 105°C. Ob* 
tained by the oxidation of perhydrogenated ethers, 
from the reaction of sodium methylate with CsHaCh. 
(15). 

( 10 ) OsHio Cydooclairienc (1^3,6) 



Colorless liquid. B.p. 147 to 148°C/760 mm. From 
the lithium addition ])roduct of cyclooctat-etraene 
and alcohol. 

(11) CsHh Cydooctene 



Colorless liquid. B.p. 140'^C/760 mm. From cyclo- 
octatetraene by hydrogenation with palladium-cal- 
cium carbonate catalyst in methanol , dioxan, tetra- 
hydrofuran. 
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(12) CgHii Bicyclo-{0,l^t 4) ‘Octane 



Colorless liquid. B.p. 136®C/760 mm; No 1.4613; 
DT 0.8573. From CgHiaCU (24) through hydrogena- 
tion in alkaline solution with nickel catalyst. 

(13) CsHgO Phenylacetaldehyde 

B.p. 194°C/760 mm. From cyclooctatetraene and 
mercury salts. 

(14) CsHgO 7f8~Epoxycyclooctatri€ne-(ly3,5) 



Colorless liquid. B.p. 73''C/12 mm; No 1.539; DT 
1.063. From cyclooctatetraene and perbenzoic acid 
in chloroform. 

(16) C 8 H 8 CI 2 7y8-Dichlorobicyclo-(0,S,4)''Octadiene‘(B,4) 



Colorless liquid. B.p. 62°C/0.5 mm; A^nl.5417; 
1,2468. (I) From reaction of cyclooctatetrane with 
one mole of sulfuryl chloride in chloroform or methy- 
lene chloride. (II) By reaction with one mole of 
chlorine in methylene chloride at 0 to 30 °C. 

(16) C^HsCU Bt6j7y8-Tetrachlorobicyclo~{0yBy4)-octene-3 


Cl 



Cl 


Plates. M.p. Ill to 112°C; also exists as colorless oil. 
B.P. 126 to 128®C/1 mm. 

(17) CsHaCU BySy4f5t7f8-Hexachlorobicyclo-(0yBj4)-octane 


Cl 



Cl 

Colorless plates from isobutanol. M.p. 126 to 127®C; 
also exists as an oil. B.p. 153 to 160^C/1 mm. 
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(18) CsHsBrs 


(19) CJl8Br4 


(20) CaHsBra 


(21) CsHioO 


(22) CsHioCls 


7, 8-Dibromobtcyclo- (0, B , 4) -octadiene- {B, 4) 

Br 

Br 

Colorless liquid. B.p. 90°C/1 mm. Nd 1.5951; Z)f 
1.7755. Obtained by reacting cyclooctatetraene with 
one mole of bromine in chloroform or methylene 
chloride at 0 to 20°C. 

B,5y7, 8-Tetrabromohicyclo- (0,2,4) -octene-3 
Br 

Br 

Br 
Br 

High melting-point types are colorless prisms from 
benzene. M.p. 147 to 148°C. Intermediate form: 
prisms from ligroin. M.p. 94‘^C. Obtained by re- 
acting two moles of bromine with cyclooctatetraene 
in chloroform. 

2,S,4, 6 ,7 fS-Hexabromobicyclo- (0,2,4) -octane 



Br 

Colorless prisms from benzene. M.p. 153 to 154°C. 
Obtained by reacting 3 moles of bromine with cyclo- 
octatetraene in chloroform. 
beta~Phenylethyl alcohol 

H 2 CH 2 OH 





Liquid. B.p. 219 to 221°C/750 mm. Obtained from 
styryl acetate through hydrogenation and saponifica- 
tion. Phenyl urethane m.p. 80 to 81° ; p-nitrobenzoate 
m.p. 60 to 61 °C. 

7 ,8-Dichlorobicy do- (0,2,4) -octene- (2 or S) 



Colorless liquid. B.p. 104°C/13 mm; 1.5242. Ob- 
tained from CsHgCL (16) by catalytic hydrogenation 
with palladium-calcium carbonate in diisopropyl 
ether. 
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(23) CeHiiiOs 


(24) CsHijCl, 


(25) CsHnBr., 


(26) C,HhO 


(27) C,HuO 


(28) C,H ,402 


(29) C 8 H 14 O 4 


Hexahydro-phthalaldehyde 



Colorless liquid, lip. 91 to 04°C/3 mm. Made from 
C 8 H 14 O 2 (28) by oxidation with load tetraacetate. Tt 
polymerizes very quickly. 

7, 8-Dichlorobicyclo- {0^2^J!f)~(^ctane 



(.'olorless liquid, lip. 104'"C/i2 mm; Mo 1.5069; 
/)f 1.1887. Made from C 8 H 8 CI 2 (15) by hydrogena- 
tion with palladium or nickel catalyst. 

7 , S-Dihromohicyclo- {0,2y 4) -octane 



Colorless liquid. B.p. 91 ‘'C/1. 2 mm; iVS 1.5583; Of 
1.7050. Made by hydrogenating CgllgBio (18). 
Cycloheptyl formaldehyde 



Colorless liquid. B.p. 61°C/8 mm. Semi-carbazone; 
m.p. 155 to 156‘'C. Made by reacing dimethylether 
(57) with dilute sulfuric acid. 

Cyclooctene oxide 



White crystals. M.p. 38 to 40°C. B.p. 88°C/25 mm. 
Made from cyclooctene and perbenzoic acid in chloro- 
form. 

7 , 8-Dihydroxybicyclo- {0^2 ^4) -octane 



Plates from benzene. M.p. 142®C. Made by saponi- 
fying diacetate CijHigOi (76) with methyl alcoholic 
HCl. 

Suberic acid 

HOOC-CHi • CH, * CH, • CH, • CH, • CHr-COOH 
M.p. 138-140®. (I) From cyclooctene by oxidation 
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(30)C8H»Br 

(3]) C 8 Hi 4 Br, 

(32) CaHieO 

(33) C 8 II 7 O 2 CI 

(34) CgHyOaBr 

(35) CsHgOCU 

(36) CsHsOBr., 


with HNO3, KMn 04 , chromic acid, (II) From cyclo- 
octane by oxidation with HNO3. (Ill) From cyclo- 
octanol by oxidation with HNO3. 
alpha-Brotnoeihylhenzene 


Br 



Liquid. B.p. 85°C/13 mm. From cyclooctatetraene 
and HBr in glacial acetic acid. 

1 , 2-lHhromocycloociane 



Colorless liquid. B.p. 123 to 124®C/5 mni. From cy 
clooctcnc and 1 mole of bromine in chloroform. 
Cyclooctanol 



B.p. 74°C/3 mm., 100 to JOrC/15 mm; Nd 1.4871; D? 
0.9740. From the oxide CsHsO (14) by hydrogenation. 
Constitution unknoum 

White needles from CH3OII. M.p. 139 to 141'^C. 
From the dichloride CsfLCL (15) with perbenzoic acid 
in chloroform. 

Constitution unknown 

Colorless needles from benzene. M.p. 144°C. From 
the dibromide (18) with perbenzoic acid in chloroform. 
7 , 8-Dichlorobicyclo- {0,2, 4)~ociene~2-oxide-{4,5) 



^ 

Colorless needles from petroleum ether. M.p. 72 to 
75°C. From the dichloride CallsCL (15) with per- 
benzoic acid in chloroform. 

7 , 8-Dibromobicyclo- (0,2,4) -octene-2-oxide- ( 4 , 5) 


“'1 


d 

Br^ 




Colorless needles from ligroin. M.p. 88®C. From the 
dibromide C 8 H 8 Br 2 (18) with perbenzoic acid in chloro 
form. 
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(37) C8H8Cl4Br2 


(38) CsHioCUBra 

(39) C8H,o02Cl4 

(40) C 8 H 10 O 4 CI 2 

(41) C 8 H 10 O 6 CI 2 

(42) CJlnOCU 

(43) CgHgONCl 

(44) C 9 H 18 O 2 


;9, 5, 7, 8-Tetrachloro-3 , 4-dihromohicyclo- (0,£, 4) -octane 
Cl 

Br^ ^Cl 



Cl 

Colorless prisms from methanol. M.p. 100 to 101°C. 
From the bromination of the tetrachloride CsHaCU 
(16). 

7 , 8‘Dichloro-3 , 4^dibromohicyclo- (0,3,4) -octane 
Cl 

Cl 

Colorless needles from OH3OH. M.p. 124 to 125°C. 
From the dichloride C 8 H 10 CI 2 (22) with one mole of 
bromine in methylene chloride. 

Constitution unknown 

Colorless needles from benzene. M.p. 140°C. From 
oxidation of the tetrachloride CgligCb (16) with 
KMn 04 . 

Constitution unknown 

Colorless needles from benzene. M.p. 129 to 130°C. 
A dibasic acid formed by oxidation wdth HNO3 of 
hydrogenated oxide (42). 

Constitution unknown 

Needles from water. M.p. 218 to 220°C. A dibasic 
acid made from CgHgCb (16) by oxidation with KMn 04 
in acetone. 

3 or 3-Hydroxy-7 ,8-dichlorobicyclo-(0,3 ,4)-octane 
Cl 

Cl 
OH 

M.p. 80 to SVC. Made by hydrogenating the oxide 
CgHgOCU (35) with palladium. 

Constitution unknown 

Colorless powder. M.p. 87 to 88°C. Made from ni- 
trosylchloride on cyclooctatetraene. 

Cyclooclane carboxylic acid 

COOH 


Liquid. B.p. 135 to 138®C/3.3 mm. From cyclooc- 
tene by reaction with CO and H 2 O in presence of 
nickel carbonyl. 
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(46) C,HuOCI 


( 46 ) C,H„OjClj 


(47) C,oH,4 


(48) C.oH,. 


( 49 ) CioHsO. 


( 50 ) C10H10O2 

( 61 ) C10H.2O, 


Possibly: 7-Methoxy-8-chlorobicyclo-{0,S,4)-ocladiene- 

(«,« 

Colorless liquid. B.p. 87 to 90°C/10 mm. From the 
dichloride (15) with sodium methylate at 5 to 10°C. 
4-Hydroxy-6-methoxy-7f8'dichlorobicyclo - (0, 4)-octene-$ 


OCRs 



Plates. M.p. 80 to 81 °C. From CsHsOCla (35) and 
warm CHjOH. 

Sf6-Endocyclobutylene cyclohexene-1 



Colorless oil. B.p. 80 to 82°C/30 mm. From the 
phosphate of 3,6-endocyclobutylene cyclohexylamine- 
1 by distillation. 

3 , 6 -Endocyclobutylene cyclohexane 



Liquid. B.p. 100 to 120°C/15 mm. By hydrogenation 

of C 10 H 14 (47). 

Cyclooctatriene- (1^3,6) -dicarboxylic acid- (5 , 8) 

OOH 


M.p. 240 to 260®C. Made from cyclooctatetraene and 
CO 2 with lithium catalyst. 

Styryl acetate 

CeHj • CH=CH— O • COCH, 

B.p. 80®C/0.5 mm. Nd 1.5513. From the dichloride 
CgHsClj (15) and glacial acetic acid. 
beta-Phenylethylacetaie 

^^CK2CR20COClii 

B.p. 118 to 120®C/13 mm. Made by hydrogenating 
CgHsCL (15) in glacial acetic acid, or by hydrogenat- 
ing styryl acetate (50). 
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(52) C.oHuO, 


(53) C.oHuO.. 


(54) CioHieO 


(55) C 10 II 17 N 


(56) CioHisO 


Phenylglycol dimethyl ether 

(0CH3)CH20CH8 

u 

Colorless liquid. B.p. 93°C/10 mm; Nn 1.4946; />;'* 
1.0047. From C 8 H 8 CI 2 (15) and ('HsOH. 

Possibly 7 f8-dimethoxyhicyclo-{(), 1 ,5) -ociadien €-{^2,6) 



Colorless liquid. H.p. VO^'C/H mm; Nf) 1.5088; D'i^ 
1.0206. From ('JlsCli (15) and CIIaONa. 

Possibly Sj6-endocydobulylene cyclohexanol’t 



White crystals from ligroin. M.p. 138 to 140°(^ 
From amine (55) with HNO 2 . 

3 ,6-Endocyclohulylenc cyclohexylamine-l 



13. p. 110 to 111°C/16 mm. From decomposition of 
acid azide of corresponding acid (59). 

Cyclooctanol acetate 



(57) C,oH,.A 


Colorless liquid. 13. p. 75 to 76° C/3mm. From cyclo- 
octene and glacial acetic acid in presence of H 2 SO. 1 . 
1-M ethoxy -1-methoxymethyl cycloheptane 


^ , OCH3 

a„„ 


Colorless liquid. B.p. 80°C/13 mm; 74 to 75°C/8 mm; 
Nd 1.4546; D 20 0.9494. By catalytic hydrogenation 
of ether (53). 
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(58) CiiHi202 Sj6-Endocyclobutadienylene cyclohexene’i-carhoxylic 

acid-1 



Colorless crystals from water. M.p. 112 to 113°C. 
From cyclooctatetraene by condensation with acrylic 
acid at 150°C. 

(69) CiiHifaOo 3f6-EndocyclohutyIene cyclohexane carboxylic acid-1 


( 60 ) Ci.HsO. 



Needles from water. M.p. 85 to 86°(". Reduction of 
the adduct C 11 H 12 O 2 (58) with H 2 and palladium. 

3 , 6-Endocyclobntadienylene cyclohexadiene-1 , ^-dicarhox- 
ylic acid-1 y2 -anhydride 


( 61 ) C12II10O3 


(62) Ci2H,o04 


0 


White crystals. M.p. 168 to 170®C. Anhydride of 
adduct of cyclooctatetraene and acetylene dicar- 
boxylic acid. 

S , 6-Endocyclohutadienylene cyclohexene-4-cis-dicarboxy- 
lic acid-1 , 2-anhydride 



CO 


White crystals from monochlorobenzene. M.p. 167"C. 
From cyclooctatetraene and maleic anhydride. 
Adduct of cyclooctatriene-{l fSy5)-7 ,8-oxide and maleic 
anhydride 




White needles from monochlorobenzene. M.p. 205 
to 206'’C. 
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(63) CijHwOa S^d-Endocyclohuiadienylene cyclohexane-cis-dicarhoxyltc 

acid-1 , ^-anhydride 



CO 


White crystals from benzene. M.p. 140 to 142°C. 
From catalytic hydrogenation of the maleic addition 
product CiaHioOs (61) in alkaline solution. 

(64) CijHijOi S ,6-Endocyclohutadienylene cyclohexene 4-trans-dicar- 

boxylic acid- (If 2) 



COOH 


White crystals from water. M.p. 208°C. Made by 
heating the dimethyl ester of 3,6-cyclobutadienylene 
cyclohexene-4-cis-dicarboxylic 'acid-1,2 (93) with 

CHaONa, and hydrolyzing the trans ester so produced. 
(66) C12H12O4 3,6-Endocyclohutadienylene cyclohexene-^-ds-dicarhoxy- 

lic acid-1 , 2 



COOH 

White needles from water. M.p. 167 °C. By action of 
dilute NaOH on anhydride Ci2Hio08 (61). 

(66) C12H12O4 Possibly Sj6~endocyclobutylene-3f4-oxide-cyclohexane di- 

carboxylic acid- (1 , 2) -anhydride 



White prisms from benzene. M.p. 140 to 145®C 
Made by catalytic hydrogenation of the addition pro- 
duct of cyclooctatriene oxide and maleic anhydride 
(62), 
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(67) CiaHuO* 


S f6-Endocyclohutadienylene 
acid-1 -methyl ester 

.COOCH3 



cyclohexene- 4-caThoxylic 


(68) C 12 H 14 O 3 


(69) C 12 H 14 O 3 


(70) C 12 HHO 4 


B.p. 135 to 140°C/12 mm. By esterification of adduct 
(58). 

S f 6 - Endocyclobutylene cyclohexane-cis - dicarboxylic 
acid-1 , 2-anhydride 



Colorless crystals. M.p. 130 to 132°C. Distillation 
of the acid (73) in vacuum. 

Possibly 3 ,6 -endocyclobutylene cyclohexane-cis-dicarboxy- 
lic acid- 1 , 2 -anhydride 





White crystals from cyclohexane. M.p. 154 to 155°C. 
From adduct (60) by catalytic hydrogenation. 
3,6-Endocyclobutadienylene cyclohexane-cis -dicarboxylic 
acid-{lj2) 



White crystals from benzene. M.p. 149°C. From ad- 
duct (61) by hydrogenation in alkaline solution. 

(71) C12H14O4 7^8-Diacetoxybicyclo-{0j2y4)~octadiene-{2^4) 


OCOCH3 
^OCOCHa 

White needles from ligroin. M.p. 66®C. From the 
dichloride C8H8CI2 (16) with potassium acetate in 
glacial acetic acid. 
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(72) C12H14O4 St6-Endocyclobutadienylenc cyclohexane- Iraris-dicarhox - 

ylic acid-(ly2) 



White crystals from dilute CII3OH. M.p. 212 to 
213 ’C. Made by partial hydrogenation of 3,6-endo- 
cyclobutadienylene c3^clohexcno-4-trans-dicarboxylic 
acid-1,2 (72). 

(73) C12H16O4 5, 6 - Endocyelobutylcnc cyclohexane - cis - dicarboxylic 

acid -1,2 



COOH 


White ciystals from (43 3OH. M.p. 172°C^ From ad- 
duct (61) by hydrogenation in alkaline solution. 

(74) C12H16O4 S , 6 - Endocyelobutylcnc cyclohexane - trans-dicarboxylic 

acid-1,2 



White powder. M.j). 228 to 229°('. Hydrogenation 
of adduct (72). 

(75) Ci 2 Hi 604 Possibly 7,8-Diethoxybicyclo-{0,l ,5)-ociadiene-{2,6) 



pCgHfi 


“OC2H6 


(76) Ci2Hi8C)4 


Colorless liquid. B.p. 101 to 102®C/8 mm. From 
C8H8Br2 (18) and sodium ethoxide. 

7 , 8-Diacetoxyhicyclo- (0,2, -octane 


OCOCHa 

^OeeXJH, 


Colorless liquid. B.p. 105°C/0.6 mm. Nl 1.4662; 
/if 1.1025. Hydrogenation of (71). 
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(77) Ci2Hio04Br, 


(78) C,2Hii02N 


(79) C 12 H 15 O 2 N 


(80) C 12 H 10 O 3 CI 2 


(81) CisHioOaBr. 


S , 6-Endo- (S' 4 ^-dibronio) -cyclohutylenr ryclohexadiene-4- 
di carboxylic acid 1 ,3 


COOH 


From glacial acetic acid. M.p. 205 to 207°C. From 
hydrolysis of adduct (101). 

3f 6-Endocyclobuladienylene cyclohexene-4-dicarhoxylic 
acid-l ,2~imide 



Crystals. M.p. 252 to 253 '’C. Action of ammonia on 
adduct (61). 

3,6-Endocyclobuiylene cyclohexane dicnrhoxylic acid-1 ^2 
imide 



Colorless crystals. M.p. 212 to 213°C. Made by re- 
acting the anhydride with ammonia at 120 °C. 

3 , 6 -Endo- (3 ' 4' -dichloro) -cyclobutylene cyclohexene-4-di- 
carhoxyli c acid- (1,2) -anhydride 



Crystal plates from monochlorobenzene. M.}). 267 
to 268 °C. From CsHuCla (15) and maleic anhydride. 

3 , 6 -Endo- (3 '4 '-dibromo) -cyclobulylcne cyclohexene- 4-di - 
carboxylic acid-(l , 2) -anhydride 



Prisms from monochlorobenzene. M.p. 206°C. 
Formed by reacting the dibromide C 8 H 8 Br 2 (18) with 
maleic anhydride. 
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(82) Ci2Hio03Br2 


(83) Ci2Hu04Br 


S f6-Endocyclohutadienylene-4f S-dibromocyclohexane di- 
carhoxylic acid-1 , 2-anhydride 



White crystals from glacial acetic acid. M.p. 277°C. 
From hydrolysis of adduct (103) with cone, sulfuric 
acid. 

S ,6-E ndocyclohutadienylene cyclohexane-4-bromo-l , 6 -lac- 
tone-2 -carboxylic acid 


(84) Ci2Hi204Br2 



Colorless crystals from CH3OH— H2O. M.p. 238°C 
Action of bromine on potassium salt of (65). 
S,6-Endocyclobutadienylene-{4y6)-dibromocyclohexane di- 
carboxylic acid 


Bn 



COOH 


COOH 


(85) Ci3H,804 


(86) Ci,H, 304 Br 


Colorless rosettes from CIi 30 H“-H 20 . M.p. 234 to 
236°C. Hydrolysis of adduct (103). 

3 f6-Endocyclobutylene cyclohexane-cis-dicarboxylic acid- 
1 j 2-monomethyl ester 


H 



H 


COOH 

COOCH3 


Colorless needles from benzene. M.p. 95 to 96°C. 
By action of methanol on anhydride (69). 

S , 6-Endocyclobutadienylene cyclohexane-4-bromo- {1^5)- 
lactone-carboxylic acid-2-methyl ester 



Crystals from chloroform and ligroin. M.p. 177 to 
178°C. From bromine and (93). 
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(87) ChHisOz 


(88) C14H12O2 


(89) C 14 H 14 O 


(90) C 14 II 14 O 5 


(91) C 14 H 16 O 2 


1 , 4-Dihydroxy -5 , 8-endocyclobutadienylene- {5 , 8) -dihydro- 
naphthalene 



White crystals from benzene. M.p. to 133°C. From 
cyclooctatetraene and benzoquinone at 180 to 200°C. 
5 ,8- Endocyclohutadienylene -5 ^ 8 , 9 , 10~ tetrahydro -1 14 ‘ 
naphthoquinone 



Yellow crystals from alcohol. M.p. 141°C. As in 
(87) except in dichlorobenzene at 140°C. 
Phenylbenzylcarbinol 



Crystals. M.p. 69 to 71 °C. 

A ddition product of cyclooctatriene- (1,3, 6) -7, 8-oxide- and 
acetylene dicarhoxylic acid dimethyl ester. 

COOCH 3 

COOCH 3 

Colorless crystals. M.p. 103®C. 

1 , 4-Dihydroxy-6 y8-€ndocyclobutylene-5 f6 , 7 , 8-tetrahydro- 
naphthalene 




White crystals from benzene. M.p. 178 to 180®C. 
Hydrogenation of (87). 
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(92) CiiHieOi 


(93) CuHi604 


5, 8-Endocyclohutylene-5 , ^ , 7 , 5 » .9, 10-hexahydronaphtho- 
quinnne 


0 



White crystals from monochlorobenzene. M.p. 251 
to 252 °C. H 3 ^drogenation of (88). 

3 jG-Endocyclobiitadienylene cyclohexene-4~ci8-dicarboxy~ 
lie acid~(l j 2) -dimethyl ester 


(94) C 14 II 16 O 4 


(95) CuYLnO, 


(96) Ci4Hij)04 


cx 



^COOCHs i>- '^COOCHs 
COOCH3 

Colorless crystals. M.p. 52 to 55®C. H.p. 149°C/1 
mm. Esterification of (65). 

3 ,6-Endocyclobutadienylene cyclohexene- 4 - - dicar- 

hoxylic acid-{l , 2)-dinieihyle8ier 


EOOCH3 


CX»., 



Colorless oil. B.p. 16()°C/10mm. Esterification of 
(64). 

6-Endocyclobxdadienylene cyclohexene-4, 6-oxido-cis-di- 
carboxxjlic-1 ,2 -dimethyl ester 




OOCH3 

COOCHa 


Crystals from cyclohexane. M.p. 85 to 86 ®C. P>om 
(93) and perbenzoic acid. 

3j 6-Endocyclobutaddenylene cyclohexane-cis-dicarboxylic 
acid-1 ,2 -dimethyl ester 

COOCYlz 


‘COOCH3 
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(97) Ci4H,80n 


(98) C:,4H,o04 


Colorless crystals. M.p. 25 to 30°C. B.p. 158 to 
160°C/2 mm. Made from the anhydride and CH 3 OH 
+ H 2 SO 4 . 

3,6-Endo-(3'4'-oxido)-cyclohut}jlenc-cydohexa7ic dicarbox 
cylic acid-1 y3-dimelhyl cdcr 

XOOCH 3 


"'^^COOClIs 

Colorless needles from ether. M.p. 86 to 87°C. From 
catalytic hydrogenation of the addition product of 
cyclooctatriene oxide and acetylene dicarhoxylic acid 
dimethyl ester (95). 

3 ,6~Endocyclobutylenc cyclohexanc-ci.^-dicarhoxylic acid- 
1 ^2 -dimethyl ester 



COOCHs 


(99) Ci4Hi‘j02Cl2 


o^COOCIl3 

COOCHs 

Colorless rosettes. M.p. 62 to 63°C ; b.p. 166°C/4 mm. 
Formed by reacting the anhydride, Ci^HnOs (69), with 
CII 3 OH + H 2 SO 4 . 

.1 ddition 'product of ben zoqni none and dichloride (C\H^Cli) 

0 

^C1 


( 100 ) C14H14O4CI2 


Colorless needles from benzene. M.p. 174''C. Made 
by condensing CsHgCl^ (15) and benzoquinone in ben- 
zene. 

Addition product of dichloride {C\H^CU) and acetylene 
dicarhoxylic acid dimethyl ester 
Cl ^ rOOCHs 


COOCH 3 


( 101 ) 


Colorless tablettes from C'HsOH. M.p. 125 to 126°C. 
Made by condensing CsHsCIz (15) and acetylene di- 
carboxylic acid dimethyl ester in benzene. 

Addition product of dibromide {C^H^Br^ (18) and acety- 
lene dicarhoxylic acid dimethyl ester 

Br^ ^COOCHs 


COOCH 3 
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(102) CuH,e 04 Cl 2 


(103) CuH.ABra 


(104) Ci4lIi804Br2 


(105) C 15 II 12 O 2 


Colorless plates from CH3OH. M.p. 134 to 135°C. 
Made by condensation of C 8 H 8 Br 2 and acetylene di- 
dicarboxylic acid dimethyl ester in benzene. 
Addition product of dichloride ^ CgH^Ch (18), and maleic 
acid dimethyl ester 


Cl, 


Cl/ 



COOCH 3 


OOCH 3 


Plates from CHaOH. M.p. 126 to 127 ""C. 

S ,6'Endocyclohutadienylene-4, 5-dibromocyclohexanc di- 
carboxylic acid- (1 ,2) -dimethyl ester 


Br> 

B/ 



COOCII3 

COOCIig 


Crystals from chloroform or ligroin. M.p. 225 to 
227°C. Bromination of (93). 

S ,6-Endo-(S'4'-dibromo)-‘Cyclobulylenc cyclohexane di- 
carboxylic acid-1 ,2-dimethyl ester 


Br^ 


Bi/ 



H 


COOCH 3 


‘COOCII 3 


Plates from CHaOH. M.p. 148°C. Hydrogenation of 
adduct ( 101 ). 

Styryl benzoate 



(106) CieHie 

(107) CieHie 

(108) C 18 H 20 

(109) CnHaa 


Colorless oil. B.p. 150®C/0.1 mm. 1.6087. Made 
from CsHsCU (15) -h benzoic acid in chlorobenzene. 

Dimeric cyclooctatetraene (liquid) 

Colorless oil. B.p. 13671 mm. Df 1.1844; 1.5868. 

Dimeric cyclooctatetraene (crystalline) 

Colorless crystals. M.p. 43 to 44 °C. 

Perhydrogenated CnHie (liquid) (106) 

Colorless cyrstals. M.p. 30 °C. 

Perhydrogenated Ci^Hu (solid) (107) 

Colorless oil. B.p. 127 to 128°C/0.5 mm. i\r“ 1.5668; 
JDf 1.1364. 



(110) CitHss Cyclooctenyl cyclooctane 

Colorless oil. B.p. 130 to 131°C/1 mm. 1.4994; 
DT 0.9291. 
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(111) CifiHao 


Cyclooctyl cyclooctane 



(112) C,flHi4Cl2 

(113) CieHieOo 


(114) CieHioOr 


(115) C16H16CI4 

(116) Ci6HioBr4 

(117) CUH20O2 


(118) C16H20O4 


Coiorless oil. B.p. 135 to 140°C/1 min. By hydro- 
genation of cyclooctenyl cyclooctanc (110). 
Constitution unknown 

Colorless crystals. M.p. 249 to 250''C. From CsHsCF 
(15) with zinc dust and methanol. 

Dimethyl ether of quinone addition products 


OCHs 



OCII3 


Crystals from benzene. M.p. 106°C. Methylation of 
(87); 

Addition product of 7f8-diacetoxybicyclo~{0,^,4)-octa- 
diene-{2)4) maleic anhydride 



Colorless prisms from benzene. M.p. ]31°C. 

Dimeric dichloride CsIhCh {15) {constitution unknown) 
Colorless prisms from glacial acetic acid. M.p. 109°C. 
Dimeric dibromide C^H^Br^ {18) {constitution unknown) 
Colorless prisms from chlorobenzene. M.p. 218'^C. 

1 , 4-Dimethoxy -5,8- endocijclobutylenc-5 , 6, 7, 84ctrahydro- 
naphthalene 



Crj^stals from methanol. M.p. 119 to 120°C. Hy 
drogenation of (112). 

S ,6-Endocyclobutadienylene cyclohex€ne-4-cis-dicarhoxy~ 
lie acid- {1 ,2) -diethyl ester 



.COOC2H6 

COOC2H5 


Colorless crystals. M.p. 57 to 58°C. Esterification 
of adduct (61) with ethanol. 






242 


ACETYLENE AND CARBON MONOXIDE CHEMISTRY 


(119) C 16 H 22 O 4 


( 120 ) C16H24O4 


( 121 ) C16H26O 

(122) C17H21ON 


(123) CjgHnOa 


(124) C 18 H 12 O 2 CI 2 


3 f6-Endocyclohutadienylene cyclohexane-cis-dicarhoxylic 
acid diethyl ester 



.COOC2H6 


H 


COOCsHs 

Colorless liquid. B.p. 164 to 167°/2 mm. Esterifica- 
tion of C 12 H 12 O 3 (63). 

S f6-Endocyclobutylene cyclohexane dicarhoxylic acid-1,^- 
diethyl ester 


H 



H 


OOC2H6 


COOC2H5 


Colorless liquid. B.p. 177 to 178°C/3 mm. 
hydride (69) by esterification. 



OC4H9 


-OC4H9 


From an- 


Possibly 7 y8-dibutoxybicyclo-{0 y 1 y5)-ocladiene-{2 j5) 
Colorless liquid. B.p. 126 to 127®C/2 mm. From 
C 8 H 8 Br 2 (18) and sodium butoxide. 
8y6-Endocyclobutylene cyclohexyl , benzoyl amine-1 


Crystalline. M.p. 164 "^C. Benzoylation of (55). 

1 j 4-Endocyclobutadienylene-l , 4-dihydroanthraquinone 


O 



O 

Yellow crystals from butanol. M.p. 192°C. Adduct 
of cyclooctatetraene and anthraquinone air oxidized in 
alkaline solution. 

1 j 4- Endo- {3^4' -dichlorocyclo) -butylene -1 f 4- dihydroan- 
thraquinone 




Bright yellow needles. M.p. 170 to 180°C. Air oxida- 
tion of adduct (125). 
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(125) C 18 H 14 O 2 CI 2 


(126) C 18 H 16 O 4 


(127) C 18 II 20 O 8 


(128) Ci8Hi202CJ2Br2 


(129) C 20 H 28 O 4 


(130) C 20 H 80 O 4 


Naphthoquinone addition product of dichloride ^ CJIsCh 

(W 


O 



O 


Colorless needles. M.p. 221 °C. 

Diacetate of benzoquinone addition product of cycloocta- 
tetraene (87). 



Needles from CH3OH. M.p. 137 to 138°C. 

Addition product of 7 ,8~diacetoxybicyclo-{0r2)4)^'Octa- 
dien€-{2,4) acetylene dicarhoxylic acid dimethyl ester 


CH3COO. 

CllaCOO^ 



OOCH3 


OOCHs 


Colorless prisms from benzene. M.p. 84°C. 
Dibromide of naphthoquinone addition products (CnHnOi- 
CI 2 ) (m) 



Prisms from trichlorobenzol. M.p. 300 °C. 

Sy 6-Endocyclobutadienylene cyclohexene-4-dicarhoxylic 
acid-1 y 2 -dibutyl ester 



,C00C4H9 


OOC4H9 


Liquid. B.p. 178 to 179°C/1 mm. From anhydride 
(61) and butanol. 

Sy 6-Endocyclobutadienylene cyclohexane dicarhoxylic acid- 
1 , 2 -dibutyl ester 



H 


COOC4H9 

'COOC4H9 


Colorless oil. B.p. 180 to 190®C/2 mm. 
hydride (63) and butanol. 


From an 
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(131) C 20 H 32 O 4 


S f6-Endocyclohutylene cyclohexane dicarhoxylic acid-1 
dihutyl ester 


(132) CzallisOe 


(133) C22II28O4 

(134) 0.2112006 


(135) C22H34O4 


(136) CoHisO 


H 



OOOC 4 H 9 


H 


COOC 4 II 9 


From anhydride (69) and butanol. 

Dehydrogenated addition product of naphthoquinone and 
diacetate CuHuOa (71) 



Bright yellow plates from CH 3 OH. M.p. 190 to 200°C. 
C onstit ut ion unkn own 

Viscous oil. B.p. 200 to 205°C/3 mm. From CiaHje 
(106 and 107) and CO + H 2 O + Ni(CO) 4 . 

Addition product of napthoquinone and diacetate 
C12H14O4 { 71 ) 

O 

OCOCII 3 

%COCll3 

o 



Prisms from CH3OH. M.p. 160 to 161 . C. 
SfO-Endocyclobutadienylene cyclohexene-4-cis-carboxylic 
acid- 1 1 2-diamyl ester 



(COOCeHu 


COOC^IIn 


Crystals. M.p. 58 to 60°C. From adduct (61) and 
amyl alcohol. 

Cyclooctyl carbinol 



Colorless liquid. B.p. 106°C/7 mm. From CsHs or 
CsHu by action of CO 4- Hj in presence of cobalt 
catalyst. 
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(137) C,4Hi802 


(138) 014112202 


(139) C 22 H 20 O 2 


1 , 4-Endocyclobutylene-5,8-diketodecatin 

O 


H 


0 

Colorless crystals. M.p. 134 to 135''C. Hydrogena- 
tiop of adduct (88) with Pd 
1 , ^-EndocycLobutylene-6, 8-dihydroxy decalin 



Crystals. M.p. 181 °C. Hydrogenation of (88) with 
Ni catalyst under pressure. 

Addition product of 2 moles of cyclooctatetraene with / mole 
of naphthoquinone 



Yellow crystals. M.p. 223°C. 





Chapter VI 

The Chemistry of Carhon Monoxide — Carhoxylation 
and Related Processes 

Carhoxylation 

Introduction 

In addition to the vinylation, ethinylation, and polymerization reactions 
of acetylene, Reppe embarked upon a completely new field of chemistry 
involving the reactions of acetylene with carbon monoxide. His successful 
work in the acetylene field led him to the idea of combining acetylene with 
cheap and reactive carbon monoxide to produce in a simple way new and 
interesting chemicals. In addition to the low potential cost of chemicals 
based on these reactants, the possibility of finding some use for carbon 
monoxide which is generated ivith an equal volume of acetylene in the car- 
bide process was attractive since there was no other use for this carbon 
monoxide than for heating purposes. 

CaO -b 3C > CaCj + CO 

HiO 

HCfeCH + CaO 

The new field of acetylene-carbon monoxide chemistry is characterized 
by the introduction of catalysts never before used in chemical syntheses, 
and by new reactions quite as audacious as those used in the synthesis of 
vinyl ethers, alkynols, alkynediols and cyclooctatetraene. 

In general, these new catalysts are the metal carbonyls such as cobalt, 
nickel, and iron carbonyls, or the salts of carbonyl-forming metals in the 
presence of carbon monoxide. However, in many cases the metal carbonyls 
are not true catalysts but are reactants which are used in stoichiometric 
amounts as a source of carbon monoxide, and as such undergo conversion 
to the salts of the metal. 

These new reactions and catalysts are of great interest and potential 
value, but as yet have not been developed sufficiently to permit large scale 
commercial production. Most of these reactions have been discovered 
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since the very late thirties, and the continuation of research during the war 
years was beset with many difficulties. The principal obstacle to future 
development appears to be the very difficult corrosion problems arising 
from the use of metal carbonyls, metallic halides, and carbon monoxide 
under pressure. It is also apparent that the catalyst problem has not been 
satisfactorily solved in some cases, and many questions can be answered 
only by further research. 

Some confusion relating to the terms used for the designation of the 
general reaction of carbon monoxide with organic compounds unfortunately 
exists in the present literature. Originally, the term “carbonylation’^ was 
used by the Germans, and by early investigators of the wartime German 
chemical industry, to denote reactions of carbon monoxide with an organic 
compound in the presence of a metal carbonyl. Although the term ‘^car- 
bonylation’’ would seem to imply the introduc.tion of a carbonyl group into 
the molecule, the reaction product in many carbonylation reactions was 
actually a carboxylic acid, or a derivative thereof, rather than a true car- 
bonyl-containing compound such as an aldehyde or ketone. Preferred 
usage now, at least in this country, is to designate all reactions in which 
carbon monoxide reacts with an organic compound to produce a carboxylic 
acid, or a derivative thereof, by the term ‘'carboxylation,’^ even though a 
metal carbonyl may be a reactant or catalyst in the reaction. 

Synthesis of Acrylic Acid Derivatives 

At first Reppe intended to react carbon monoxide with acetylene to form 
acetylene mono- or dialdehyde. It was a fortunate choice that from the 
very beginning nickel and nickel carbonyl were used as transferring agents 
for carbon monoxide, for it soon became evident that only metal carbonyls, 
or metals capable of forming carbonyls, are catalysts for the reaction be- 
tween carbon monoxide and acetylene. 

Experiments carried out in the summer of 1939 in an attempt to produce 
acetylene mono- or dialdehyde from carbon monoxide and acetylene did 
not proceed according to the formulation : 

HCfeCH + CO >• HC^C— CHO — OCH— C^C— CHO 

Instead, in the presence of water, acrylic acid was formed in a surprisingly 
smooth reaction.^ Other compounds with reactive hydrogen atoms be- 
haved similarly with acetylene and carbon monoxide. Alcohols, acetylene, 
and carbon monoxide gave acrylic acid esters; amines gave acryl amides, 
mercaptans gave acrylic acid thioesters, or tautomeric thioacrylic esters, 
while mixed anhydrides with acrylic acid were obtained from organic acids. 
These transformations are shown on page 248. 

1 PB 1346; PB 11396; PB 27713 {BIOS 355). 
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O 

II 

. — H.O > Il2C=CH— C— OH 

O 

II 

[2C=CH— C—OR 
O 

II 

.C=CH--C— SR 

O O 

II II 

> H2C=CH— c— OC—R 
O 

i " 

^—RNH. ^ H2C=Cn-~C—NHR 

The course of the reaction was initially explained as follows. Acetylene 
in its 180 - form reacts with carbon monoxide and forms methylene kctene, 
which further reacts with water, alcohols, etc., to give acrylic acid, acrylic 
esters, etc, 

CMi—CH— cooil 

/ Acrylic acid 



1120=0 < -f- CO ^ (CH2==C=C=0) 

Acetylene Methylene kctenc \ 

{iso- form) X^ROii 

\ 

CHo=CH”-COOR 
Acrylic ester 

It is of course known that ketones readily combine u ith water or alcohols 
at fairly low temperatures, forming aends, or acid esters. The formation 
of acrylic esters from acetylene, alcohols, and carbon monoxide or metal 
carbonyls under exceedingly mild conditions is thus possible. This theory 
does not, however, explain the reactivity of acetylenes which are unilater- 
ally or bilaterally substituted. In the first case, products are generated, 
the formation of which cannot be explained by the ketene theory. Phenyl- 
acetylene, for example, gives alpha-phenyl acrylic acid instead of cinnamic 
acid, which would be expected if the ketene theory were true. In the case 
of bilaterally-substituted acetylenes which have no reactive hydrogen atom, 
ketene formation is impossible ; yet di-substituted acetylenes give two dif- 
ferent reaction products. It became necessary, therefore, to assume the 
intermediate formation of a hypothetical cyclopropenone ring from acety- 
lene and carbon monoxide, which is then split open by compounds with an 
active hydrogen atom, such as water, alcohols, amines, mercaptans, car- 
boxylic acids, etc. 
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Cyclopropenone 

(hypothetical) 


Acrylic acid 


Acrylic acid ester 


Acrylic acid thioester 


N -Substituted acrylic 
acid amide 


C 

II 

o 


OCR > C — O — C — R Mixed acrylic-carboxylic 

II II II acid anhydride 

O 0 0 


Efforts to split the hypothetical cyclopropenone with mole(!ular hydrogen 
gave negative results. 

According to this theory, phenylacetylene, carbon monoxide and alcohols 
might react to give either alpha-phenyl acrylic esters or cinnamic esters. 



O 

hc-ho-<3 

COOR 

Cinnamic acid ester 




COOR 


alpha-Phenyl acrylic ester 
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Actually, only alpha-phenyl acrylic esters could he isolated. However, 
methyl phenylacetylene yielded two different carboxylic acids — alpha- 
phenyl crotonic acid and alpha-methyl cinnamic acid : 


eC-CH, + CO 


i 

-C===C— CII, 


c 


o 

ROH 

' C=CH— CHs 

COOR 

alpha-Phenyl crotonic acid ester 

The above-described reactions between acetylene, carbon monoxide and 
compounds containing reactive hydrogen atoms, such as water, alcohols, 
amines, mercaptans and carboxylic acids, can be carried out with all acety- 
lenic compounds, either by a stoichiometric procedure with metal carbonyls, 
or by a purely catalytic method using carbonyl-forming metals or their 
compounds as catalysts. 

Stoichiometric Procedure. Synthesis of Acrylic Esters from Nickel Car- 
bonyl and Acetylene Under Pressure. The first experiments producing 
acrylic acid and its esters from nickel carbonyl and acetylene were carried 
out in an autoclave at 12 atm pressure (6 atm acetylene and 6 atm nitrogen) 
with glacial acetic acid (2 moles), ethanol (11 moles) and nickel carbonyl 
(1 mole). The reaction temperature was 35 to 40'^C. Frequently, the re- 
action was very vigorous and the calculated quantity of acetylene was 
absorbed in a very short time. The yield of ethyl acrylate was 94 per cent 
or better, based on nickel carbonyl. 

For reasons unknown, in some experiments the reactions did not start 
until heated to 60°C. In other experiments, some decomposition of the 
nickel carbonyl occurred without any absorption of the acetylene. In those 
experiments which had run successfully, it was found that the quantity of 
acetylene absorbed agreed only fairly well with the quantity which had been 
calculated for the nickel carbonyl used. Thus in one experiment carried 
on until no more acetylene was absorbed, a pressure drop of 42 atm of 
acetylene had occurred, whereas the calculated figure was 30 atm. A part 
of this additional consumption must be attributed to cuprene, which always 
formed to some extent. If the absorption of acetylene was stopped as soon 


HaC— C=HC— 

I 

COOR 

alpha-Methyl cinnamic acid ester 
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as the main reaction was over, the ratio of total acetylene consumed to that 
combined in the desired reaction product was more favorable. 

Synthesis of Acrylic Esters from Nickel Carbonyl and Acetylene at Atmos- 
pheric Pressure. The formation of acrylic acid and its esters from metal 
carbonyls and acetylene without pressure is also possible.^ Acetylene is 
simply bubbled into, or passed over a solution of the carbonyl in water or 
alcohol, in the presence of an acid. The reaction is very vigorous and 
strongly exothermic. 

Carpenter^ describes the batch process for the preparation of ethyl 
acrylate using a lOO-liter enameled kettle as follows: 

“The charge was 25 kg of ethyl alcohol (30 liters) and 48 kg of 20 per 
cent hydrochloric acid (1 to 5 per cent excess of theoretical). About 0.1 
to 0.2 per cent of catechol (50 g) is added, and the charge heated up to 40°C 
after purging carefully with nitrogen. The stoichiometric amount of nickel 
carbonyl (23.2 kg) is now added slowly from a graduated cylinder where it 
is stored under water (nickel carbonyl is very poisonous and forms an explo- 
sive mixture with air). After a small amount of nickel carbonyl has been 
added, the acetylene flow is started, and the equimolar flow of reactants 
adjusted so that the temperature never exceeds 45®C. Theoretical acety- 
lene (14.1 kg) is used and no excess is necessary. 

“The yield on alcohol is 90 per cent of theoretical ; the principal by-prod- 
uct is vinyl acetic acid.* The yield on nickel carbonyl and acetylene is 
also 90 per cent or better. 

The acrylic ester synthesis, according to the above-described stoichio- 
metric procedure from nickel carbonyl, concentrated aqueous hydrochloric 
acid and alcohol, can be carried out continuously in liquid phase in a tower 
on a large scale. This process has been described in some detail in the 
report of Gartshore and Rose,^ which includes flowsheets for the process 
and for the recovery of the nickel carbonyl as well as process data. 

Nickel carbonyl is the most generally useful carbonyl. Cobalt carbonyl 
gives similar results, but is much harder to produce. The reaction fails 
entirely with iron carbonyl ; in a mixture of nickel carbonyl with iron car- 
bonyl, only a part of the iron carbonyl reacts. With metal carbonyls as the 
source of carbon monoxide, the presence of acids (or halogen) is imperative 
in order to combine with the metal of the carbonyl to form a salt. The 
course of the reaction can be seen from the following formulas which show 

* LG. Farbenindustrie patent proposal O.Z.~ll,813; D.R.Pat. Anmeldung 1-65 J67 
IVc/12o. 

58447 (FIATm). 

* As will be shown on page 253, the by-product is probably ethyl beta-vinyl pro- 
pionate). 

25648 (BlOSZm). 
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the reactions which result when using nickel carbonyl : 

H.O + CAh 4- K Ni(CX.))4 4- }4 HClaq -> H2C==CH~COOH 

4- M NiCbaq 4- H H2 

non -f C 2 H 2 4 H Ni(C())4 4 - 14 HClaq -> Il 2 C=CH— COOR 

4- M NiCbaq 4- H Ho 

RSII + C 2 H 2 + M Ni(CO)4 4- H HClaq HoC^Cn— COSR 

4- M NiChaq 4- M Ho 

The quantity of acid needed to convert the nickel of the carbonyl into a 
nickel salt should be added. A slight surplus of acid is favorable during 
the reaction, but is undesirable later when the ester is worked up. There- 
fore, the quantity of acid theoretically required is usually added. Slow for- 
mation of ester may be obtained in neutral solutions, but a large amount of 
cuprene is also formed. 

The rate of the reaction is determined primarily by the acid used ; th(‘ 
reaction is most rapid in the presence of hydrochloric acid. It is consider- 
ably slower with sulfuric acid, which is stated to be out of the question foi' 
technical use under the conditions which have been worked out. The use 
of acetic acid gives more favorable results. The reaction is not quite as 
fast as with hydrochloric acid but it is still rapid enough, and, above all, it 
runs more evenly. Experiments with other acids, such as formic acid, did 
not give good results. 

The synthesis of acrylic esters was carried out both in the presence and 
absence of water. The presence of water is thought to help in eliminating 
hydrogenation of the acrylic acid ester by the hydrogen released in the reac- 
tion of the nickel with the acid. In the absence of water, as much as 25 per 
cent of the total acrylic ester is hydrogenated to propionic ester, a reaction 
which is almost entirely absent if water is present. On the other hand, 
closely checking ester and hydrogenation numbers indicating no formation 
of propionic esters were also obtained in some experiments in the absence of 
watpr by using alcoholic hydrochloric acid or glacial acetic acid. 

No one seems to know exactly what happens to all the hydrogen which 
should be formed on the basis of the reaction equation. The theoretically 
calculated amount of hydrogen cannot be found in the waste gases. From 
the hydrogenation number of the reaction product, it is evident that the 
small quantity of propionic acid, or propionic ester, present is not equivalent 
to the missing hydrogen. Reduction of carbon monoxide to methanol is a 
possible explanation. 

Favorable as the presence of water may be in preventing hydrogenation, 
it also has the disadvantage of giving some free acrylic acid. Less acid is 
formed and better conversion of carbon monoxide to acrylic acid ester is 
obtained, if the conversion is carried out slowly and evenly and if acetylene 
is absorbed uniformly. A large excess of alcohol is helpful, as nickel car- 
bonyl is not completely decomposed by theoretical quantities of alcohol. 

The optimum temperature seems to be between 38 and 41 °C. Heating 
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to 38 to 40°C is needed to start the reaction, but as soon as some ester is 
formed, the reaction becomes vigorous and strong cooling is required. The 
start of the reaction can be facilitated by adding some acrylic acid ester 
right at the beginning, or even better, a small quantity of a previous reac- 
tion product. The solution becomes brown as soon as the reaction starts 
to proceed rapidly, especially in hydrochloric acid solution, then turns dark 
green, and later pale green as the reaction continues. Absorption of acety- 
lene decreases at the same time, and finally stops. If fresh nickel carbonyl 
is added, the brown coloration reappears and rapid absorption of acetylene 
ensues. The sequence of brown coloration and acetylene absorption is very 
evident ; brown coloration always occurs first. 

It is assumed by German chemists that the added nickel carbonyl forms 
some colloidal nickel which starts the reaction. The brown color has also 
been attributed to an intermediate, such as Ni(CO)n‘ (C2H2)n, which may 
be formed from Ni(CO)4 and dissolved acetylene, or to traces of cuprene. 
The brown coloration occurs only in the presence of nickel carbonyl and 
never in a solution where all nickel carbonyl has already decomposed. 

More acetylene than calculated theoretically is absorbed in all experi- 
ments. The surplus consumption is 20 per cent on an average. A large 
part of it seems to be dissolved in the reaction mixture. 

Working up the crude solution still causes some difficulty, and it has not 
been possible to isolate the total quantity of ester from the crude solution 
by distillation. The ester if not carefully fractionated contains a small 
quantity of a higher-boiling substance (boiling at 144 to 148°C), which 
adversely affects its polymerization. The constitution of this impurity has 
not been completely determined. It is stated not to be the adduct of 
alcohol to the double bond of the acrylic acid ester; more probably, it is 
the ethyl ester of a vinyl propionic acid formed by the following side 
reactions : 


2HC=CH > H2C=CHC=CH 


CO 


Ni(C0)4 


C2 HjOH/ 




■'H2C=CH~-C=^CH 

\ / 

c 


CH2=CH— C==CH2 

COOC2H6 
rn 

CH2==CH— CH— CHs 

I 

COOC2H5 


XcjIItOU 

° ^ \ 

H2C=CH— CH==CHC00C2H5 


CH2=CHCH2CH2COOC2Hs 
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Since its boiling point agrees fairly well with the literature value for ethyl 
beta-vinyl propionate, it is thought that this isomer is the more likely. The 
formation of this ester may account, in part, for the excess consumption of 
acetylene and also for the disappearance of some of the hydrogen. 

Recent research has shown that the presence of nickel chloride causes 
trouble during distillation because part of the ester is hydrolyzed by the 
acid reacting liquid, thus causing a comparatively high loss. Removal of 
the ester quickly by direct distillation of the raw solution with steam, or in 
. column was attempted, as was distillation at low temperature in vacuo ; 
some polymerization always occurred. These problems are the subject of 
present study. 

Regeneration of Nickel Carbonyl 

Regeneration of nickel carbonyl from the nickel chloride solution is a 
simple process.® Ammonia in excess of that necessary for the formation 
of the complex hexamine nickelous chloride is added to the nickel chloride 
solution ; the solution is treated with carbon monoxide at 80®C and under 
50 to 100 atm pressure. Nickel carbonyl is formed quantitatively and 
separated from the aqueous solution containing excess ammonia and am- 
monium-chloride ; the ammonium carbonate-ammonium chloride solution 
is treated with lime to recover the combined ammonia for recycling. This 
novel and simple conversion of nickel salts to nickel carbonyl in aqueous 
solution can be done continuously in trickling towers. In contrast to the 
metallurgical process — precipitation of nickel chloride solution with soda 
ash, filtration, drying, ignition, and reaction of the dry oxide with carbon 
monoxide in a batch process — the new procedure represents considerable 
technical progress. Formulation of the recovery of nickel carbonyl from 
aqueous nickel chloride solution is as follows : 

NiClj + 6NH3 Ni(NH3).Cls 

NiCO. + 2 NH 4 CI + (NH 4 )jCO, + 2 NH 3 

Summary of the Syntheses of Acrylic Acid Derivatives by the Reaction of 
Nickel Carbonyl, Acetylene, and Active Hydrogen Compounds. The reaction 
of nickel carbonyl with acetylene at atmospheric pressure and moderate 
temperatures (40 to 45*^0) in the presence of an acid, preferably aqueous, 
hydrochloric acid, and an organic compound containing active hydrogen 
atoms produces derivatives of acrylic acid in high yields. The reaction 
may be formulated : 

O 

11 

Ni(CO)4 + 2HC1 + 4HC=CH + 4RQH -» 4H!C=C— C— QH + NiCU + Hj 

This new procedure permits the production of numerous derivatives of 

‘ PB 25S94 {BIOS 371). 
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acrylic acid, such as esters, amides, acid anhydrides, thioesters, etc., in a 
very simple manner in a single cycle. The process may also be applied to 
any substituted acetylene such as methyl-, ethyl- and phenylacetylene ; to 
vinyl acetylene, divinyl acetylene, and diacetylenes; to alkynols, alkyne- 
diols ; and to ethers, esters, amines, and mercaptans containing an acety- 
lenic group. 

Reppe claims that this new process has a very good chance for large-scale 
application in the synthesis of acrylic esters due to the perfectly smooth 
reaction at low temperatures without pressure. The high yields of acrylic 
esters and the development of a new method of regenerating nickel carbonyl 
from the nickel chloride makes the procedure substantially cheaper than 
previous methods which involved the following series of reactions : 

HsC==CH, ■ Cl— CHj— CHjOH 

CH, CHs HOCHj-CHs— CHsCN » CH,— CH— COOR 

O 

Catalytic Procedure. Catalytic Production of Acrylic Esters from Acetyl- 
enCy Carbon Monoxide and Alcohols. The production of acrylic esters by 
reaction of acetylene, carbon monoxide, and an alcohol in the presence of 
catalysts and at increased temperature and pressure is disclosed in a patent 
application dated October 6, 1939.® The salts of bivalent nickel, especially 
the chloride, bromide, iodide and sulfide, are stated to be suitable catalysts. 

The reaction disclosed required temperatures between 130 and 180*^0, 
and 30 atm pressure ; under these conditions, polymerization of the acrylic 
ester formed was likely to occur, and even spontaneous decomposition of 
acetylene was possible. An attempt was made to find more active catalysts 
which would enable the reaction to proceed under milder conditions. Vari- 
ous nickel salts and heavy-metal salts in pure form, or in admixtures, were 
tested for catalytic activity on a laboratory scale. There is no evidence 
that this work led to the development of a successful catalytic procedure 
for the synthesis of acrylic esters. Therefore, the various materials tested 
as catalysts and the results obtained will not be detailed here. However, 
since these data may possibly be of interest and value to those engaged in, 
or contemplating work in this field, they are tabulated in part one of the 
appendix to this chapter, on page 295. 

The method used in testing the catalytic activity of the various salts was 
as follows. The catalyst to be tested and 40 g of absolute ethyl alcohol 
were charged to a shaking autoclave of 200-cc volume make from V2A steel 
The air was displaced and the mixed gas (1:1 acetylene-carbon monoxide ^ 
pumped in at 30 atm and at the desired temperature. The experiment 

• I.G. Farbenindustrie patent proposal O.Z.-llfiH; D.B.Pat. Anmeldung 1-65,758 
IVc/12o. 
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waH stopped after 100 atm pressure drop, and the contents of the auto- 
(*lave were filtered and distilled. A weighed sample was neutralized with 
sodium hydroxide and hydrolyzed by refluxing one hour with an excess of 
N NaOH, and the caustic was back-titrated (1 cc. of N NaOH = 0.1 g of 
ethyl acrylate). The conversion of alcohol was calculated from the ester 
content, and also the conversion which would be obtained after 100 hours. 

The results of these autoclave experiments may be briefly summarized 
as follows : Qualitative results were obtained with regard to the temperature 
at which the catalyst was active, and the rate of reaction. Not much can 
be concluded from the quantitative viciwpoint, because there were several 
sources of error- - chiefly fluctuations of temperature and pressure, com- 
position of the gas, and leaks in the apparatus. The best catalysts were 
nickel halides, gamma-ni(;kel sulfide, and steam-treated ni(‘kel halides on 
siliceous extrudings. Addition of other salts to the nickel salts did not 
effect any improvement. The iron, cobalt and nicjkel salts of the oxygen 
acids such as sulfuric, phosphoric, etc;., are not catalysts. 

In the middle of January, 1940, experiments were initiated to study the 
use of these selected catalysts in a continuous process. The apparatus 
consisted of a V2A high-pressure steel pipe, 5 meters long, 30 mm inside 
diameter, which could be heated to 350°C, and which was packed with the 
catalyst (3 liters). Alcohol and the gas mixture were introduced into the 
top of the tower. The liquid trickled down over the catalyst in intimate 
contact with the gas mixture and was collected in a separator at the tower 
base from which it could be expanded to a storage tank by way of a cooler. 
The uncondensed gas was recycled into the tower. The inside temperature 
of the reatdor was measured by thermocouples. The reaction product was 
discontinuously discharged from the reactor and analyzed for ester content. 

Some difficulty was caused by the formation of cuprene, and by decom- 
position of acetylene. Cuprene formation was later eliminated completely 
by the addition of 0.8 g of mercuric chloride per liter of feed stock. 

Acetylene decomposition always occurred if the catalyst be(;ame dry in 
any place because of poor distribution of the liquid, or because catalysts 
such as gamma-nickel sulfide on catalyst supports, or gelatin-treated nickel 
bromide, are hard to wet. Decomposition of the acetylene was prevented 
by filling the tower with liquid before each run, and by the use of supports 
with 3-mm channels. 

The largest number of tests were carried out with butanol because its 
vapor pressure is only 6.5 atm at 180®C, whereas that of ethanol is 19.5 atm 
at that temperature. It was found that a satisfactory rate of reaction was 
obtained with only 20 atm partial pressure of the mixed gas. In some 
cases, the butanol contained up to 17 per cent of ester in an attempt to 
decrease the solubility of the nickel salt in butanol. Solubility tests of 
nickel bromide in butanol-ester mixtures showed, however, that nickel 
bromide is insoluble only at 90 per cent ester content. Pure butanol and 
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intermediate mixtures with ester dissolve approximately 12 g of nickel 
bromide per liter when cold. 

In all the tower experiments, it was found that useful catalyst life was 
extremely short. The higher the yield of ester in the finished product, the 
shorter the catalyst life. After some experiments, only traces of nickel 
could be detected on the catafyst support. Analysis of the waste gas and 
reaction products revealed that most of the iiicdcel had been converted to 
nickel carbonyl. A considerable amount of nickel carbonyl was released 
w hen the reaction mixture was expanded to normal pressure ; more w^as ob- 
tained by vacuum distillation and freezing out the first runnings with solid 
ciirbon dioxide. In this way, two-thirds of the nickel which was theoreti- 
cally contained in the catalyst could be isolated. 

Recycling of the reaction product containing nickel carbonyl did not 
improve the ester yield, thus showing that nickel carbonyl without addition 
of acid was not capable of forming acrylic esters. The addition of 10 per 
cent of acetic acid w as also unsuccessful because, under the w^orkiiig condi- 
tions, it was immediately converted to butyl acetate. 

The use of hydrochloric acid or hydrobromic acids was impossible because 
no sufficiently corrosion-resistant steels were available for construction of 
the pressure reactors. Tests in V2A reactors with 1.5 per cent of hydro- 
bromic acid in butanol containing mercuric (diloride at 150°C w'ere under- 
w^ay, but the wmrk w^as not finished. 

Despite the shor*t, catalyst life, it w^as established that acrylic ester forma- 
tion is definitely a catalytic reaction as showm by the fact that the quantity 
of acrylic ester formed in several experiments w'as more than ten times the 
(quantity wdiich w^ould result from stoichiometric leacdion of the catalyst 
used, 

TAquid phase catalytic synthesis of acrylates. Most nickel salts have a 
comparatively high solubility in alcohols. Therefore, experiments were 
initiated to carry out the reaction between carbon monoxide and acetylene 
in liquid phase. 

Carpenter^ has described this liquid-phase catalytic procedure for the 
synthesis of butyl acrylate. A solution containing 91.5 per cent of butanol, 
5 per cent of water, 2 per cent of butyl bromide* and 1.5 per cent of nickel 
bromide is fed to the reactor (72-liter volume) at 400 cc per hour so as to 
give a contact time of about 20 hours. The feed is preheated to 170 to 
180°C. Mixed gas (CO/CH=CH equals one) W'as compressed to 30 atm 
and pressed into the catalytic solution at a rate of about 900 liters per hour 
by a gas circulating pump by w’ay of a preheater and a porous plate. This 
effects some agitation because of the rising gas bubbles. A side vent at 
the top of the reactor recycled the liquid to the base, thus providing con- 

7 58447 {FIAT 933). 

* Carpenter states that the butyl bromide is present to suppress conversion of 
butanol to butyl bromide. This appears questionable in view of later work. 
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tinuous circulation and good mixing. The gas passed a dephlegmator and 
a cooler which liquefied the condensable components and was then recycled. 
About 30 liters of gas per hour was vented from the top of the reactor. 
Condensed liquid was drawn off from time to time. 

The liquid product contained 15 to 20 per cent of butyl acrylate. The 
concentration could be increased to 40 to 50 per cent by continued recycling, 
but at the higher concentrations polymerization was apt to take place. The 
butyl acrylate was separated by distillation, the catalyst remaining in the 
still bottoms together with high-boiling material. The (catalyst may be 
reused, but a purge must be taken and some new catalyst added. Approxi- 
mately one mole of nickel bromide is consumed for every 70 moles of butyl 
acrylate formed. 

Ethyl acrylate may be prepared similarly. The procedure is not applic- 
able to methyl acrylate because of the high vapor pressure of methanol at 
170 to 180'^C. Data on yields, throughputs, etc., are not available. 

The true catalyst in the catalytic syntheses using nickel salts is believed 
to be the hypothetical addition compound of the nickel salt and carbon 
monoxide, and not nickel carbonyl as might be supposed on the basis of 
the stoichiometric procedure previously described. 

This belief is based on the prior work of Hieber^ who found that cobalt 
iodide adds 1 mole of carbon monoxide at 150'^ and 200 atm, forming the 
unstable compound (Col 2 *CO). A similar reaction should take place with 
nickel halides, and the compounds should also be unstable and capable of 
existence only at a certain pressure and temperature. It is known that 
nickel halides are easily converted to nickel carbonyl at high carbon mon- 
oxide pressures. Under the experimental conditions it was assumed, there- 
fore, that the formation of nickel halide-carbon monoxide compounds of 
the type NiBr 2 -CO occurred. These compounds may react further with 
acetylene and alcohol to form esters directly, or with carbon monoxide, 
liberating halogen and forming non-reactive nickel carbonyl. 

"Br 

\ 

(I) NiBr, + CO Ni— CO 

/ 

_Br 


(ID 



+ 3CO -»■ Ni(CO)4 + Brs 



• Z. anorg. Chem., 84S. 146-63 (1939). 
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(II) and (III) are competing reactions which might be governed by ad- 
justing the concentration of the reacting components. If this formulation 
is correct, it should be possible to suppress reaction (II) by reducing carbon 
monoxide pressure and to promote reaction (III) by increasing the concen- 
tration of acetylene and alcohol. No data have been located which would 
indicate that this theory was ever tested. 

On the basis of the information available to the authors, it appears 
doubtful that Reppe succeeded in developing a satisfactory, continuous, 
catalytic process for the synthesis of acrylic esters using nickel halides as 
the catalyst. In December of 1940 in his report to the Kuko committee, 
Reppe stated 

'‘We naturally also endeavored to carry out the newly discovered reac- 
tion catalytically which proved to be quite feasible. 

"Metallic nickel or cobalt are suitable catalysts, but their salts, especially 
the halides and sulfides, are better. Nickel iodide is the most active and 
is most effective in combination with metallic nickel as well as other activa- 
tors. The catalytic process operates at 120 to 150°C and requires pressure. 
In batch production in autoclaves, the catalytic conversion to acrylic esters 
proceeds perfectly. The continuous production is, at present, still in the 
preliminary stage; there are some dfficulties with regard to catalyst life. 
But, on the other hand, the formation of acrylic amides according to the 
catalytic method is more advanced. Here, the catalysts show longer life, 
so that there are prospects that in case a larger demand for acrylic amides 
should arise this method could soon be applied on a commercial scale. 

Role of triphenylphosphine nickel bromide catalysis in acrylic ester synthe- 
sis from alcohol, carbon monoxide and acetylene. As shown earlier (page 
256), all nickel salts of oxygen containing organic compounds had little, if 
any, catalytic activity in the reaction of acetylene with carbon monoxide. 
However, some organic complexes of nickel chloride and nickel bromide are 
apparently more active than the nickel halides alone. Such a complex 
formed by the reaction of triphenyl phosphine with nickel halides or nickel 
carbonyl was particularly promising. The following is a translation of a 
report by Dr. Schweckendiek, dated November 27, 1944, which attempts 
to explain the role of such catalysts. J 

» PB 1345. 

* The authors present this somewhat long and involved discussion with certain 
misgivings. No data relating to the actual method of operation with the various 
triphenyl phosphine-nickel halide or nickel carbonyl complexes have been located, 
so that it is impossible to evaluate the importance of this type of catalyst. However, 
since general statements in Reppe ^s speeches indicate that he was apparently enthu- 
siastic about the potentialities of these novel complexes, this section is recorded in 
the hope that it may prove of value to workers in this field of chemistry. 

t Note Added in Proof: 

Reppe and Schweckendiek, Ann., 660 , 104 (1948), have just described the use of 
such catalysts in the cyclization of acetylene to benzene and styrene, the cyclization 
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Triphenylphosphine reacts in alcoholic solution with nickel carbonyl at 
room temperature with the replacement of one molecule of carbon monox- 
ide: 

(1) (CeHJaP 4- Ni(CO)4 [(C6ll5)3PlNi(CO)3 4- CO 

If excess triphenylphosphine is present and the temperature is raised, there 
is an almost quantitative formation of a nickel carbonyl complex with two 
molecules of triphenylphosphine: 

(2) 2(C«H6)3P + Ni(CO)4 l(C«H5)3Pl2Ni(CO)s + 2CO 

This same product results if the triphenylphosphine nickel carbonyl com- 
plex is heated at its melting point (123°C); nickel carbonyl splits off. In 
alcohol solution this reaction occurs below 123"^. 

(3) 21(CJl6)3PlNi(CO)3 KCsIIJsPljNiCCO)^ + Ni{CO)4 

Thus, two well-defined compounds may be isolated from the reaction of 
triphenylphosphine and nickel carbonyl : 

(A) [(C6H6)3P]Ni(CO)3 ni.p. 123“ C 

(B) [(C 6 TW 3 Pl 2 Ni(CO )2 m.p. 192-^ 104“ C (decomimses) 

These two complexes have been used as catalysts for acrylic acid ester 
synthesis, though with little success in the beginning. In addition to a 
little acrylic ester, a considerable quantity of high-boiling residue was 
formed, mainly by the high temperature of the r(‘action which takes place 
only at 180 to lOO'^C. It was surprising that both (uanpounds gave 50 
per cent of acrylic ester in a very short time (10 hours), and at 140 to 
150*^0 if butyl bromide was present in the shaking autoclave. There was 
a slight difference between (A) and (B) because the (A) compound gave a 
much larger quantity of high-boiling products. This is evident if one con- 
siders equation (3), because nickel carbonyl which is released at higher 
temperature will certainly undergo side reactions, especially in the pres- 
ence of butyl bromide. The high-boiling residue with complex (A) 
amounted to 10 to 20 per cent; with complex (B), 3 to 5 per cent based on 
acrylic ester. 

Larger scale experiments in an autoclave without the use of mixed gas 
(C 2 H 2 + CO) were carried out. A mixture of butanol, butyl bromide and 
the substituted nic’ el carbonyl compounds (A and B) was heated to 150®C 
under pressure. A strong exothermic reaction occurred at 150"^ and the 
temperature rose to approximately 200°, although heating of the autoclave 

of propargyl alcohol to trimethylol benzene and other new cyclization reactions of 
vinyl compounds. (See page 126.) 
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was immediately checked when the reaction started. A dark green ciystal- 
line substance (C) was obtained which melted at 177 to 178"'C and was 
easily soluble in alcohol and butanol. Methanol, however, decomposes 
the complex with separation of triphenylphosphine. The analysis of the 
compound indicated the following composition 

(C) [(C 6 H 5 ) 3 P] 2 NiBr 2 -CAbRr m.p. 177-178° 

which can only have been generated by reaction of butyl bromide with (A) 
or (B), since additional gas was excluded. 

(4) l(CeH6)3P]2Ni(CO)t. — KCcIIJJ’isNiBr. CiH.Hr + CO 

A substantial quantity of the butyl ester of valeric acid was always found ; 
it is probable that it had been formed from released cairbon monoxide, butyl 
bromide and butanol [compare formula (4)]. When tlu' autoc^lave was 
opened, the presence of gas was evidenced by th(^ formation of bubbles. 

Triphenylphosphine nickel bromide (m.p. 222 to 223''C) was tried as a 
catalyst; this compound was previously unknown. The high yield of 
ester in these experiments (70 to 80 per cent) was surprising. Best yields 
were obtained if heavy-metal halides (such as HgBr 2 ) were present and if 
triphenylphosphine nic^kel bromide was used in the presence of an alkyl 
halide (to get a slightly acid reaction) at 150 to lOO'^C. This knowledge 
became interesting when there was successfully produced a triphenylphos- 
phine nickel bromide-butyl bromide complex [compound (C)(4)] by way 
of the above-mentioned complexes (A) and (B) in the preseru^e of butyl 
bromide, which is obviously the real catalyst in the synthesis of acrylic 
esters with triphen 3 dphosphine compounds. 

There are apparently two methods which yield the same basic com- 
pound. It is also possible that reactive intermediates are formed if mixed 
gas under pressure is used. Triphenylphosphine may be reversibly sub- 
stituted by carbon monoxide, and acetylene may be added as well. (Com- 
pare addition of acetylene to copper acetylide in Reppe^s alkynol syn- 
thesis in which these unstable and reversible addition products are the real 
catalysts.) As stated above, one method gives reactive compounds with 
the mixed gas via triphenylphosphine nickel bromide (as well as in the 
presence of butyl bromide). It could be anticipated that both com- 
pounds might have the same composition and properties (solubility, color, 
etc.) after they had been used as catalysts in the presence of acetylene and 
carbon monoxide. The research on this subject has not been concluded 
because some samples were lost as a result of bombings. 

There is the possibility that triphenylphosphine nickel bromide is de- 
composed in the presence of carbon monoxide with formation of nickel 
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carbonyl through active intermediates. It remains to be determined 
what will happen if the nickel carbonyl exists in addition to triphenyl- 
phosphine nickel bromide (with or without butyl bromide). If nickel 
carbonyl is reacted with an alcoholic solution of triphenylphosphine nickel 
bromide at low or high temperature, the nickel carbonyl disappears im- 
mediately (just as if triphenylphosphine were present). Substituted 
nickel carbonyls are formed ; carbon monoxide is released and nickel bro- 
mide is set free from the triphenylphosphine nickel bromide : 

(5) [C,H,)jP] 2 NiBr 2 + NiCCO). [(C,H.),P]jNi(CO), + NiBr* + 2CO 

The nickel carbonyl in equation (5) reacts immediately and releases two 
moles of carbon monoxide. From equation (4) it was learned that substi- 
tuted nickel carbonyl compounds can be readily converted to the cor- 
responding nickel bromide compound in the presence of alkyl halide (e.g., 
butyl bromide) ; even at 150°C, equilibrium is shifted far to the left side, 
and a stable triphenylphosphine nickel bromide-butyl bromide compound 
is obtained [compare (4) and (5)]. 

V . C4H»Br , , 

[(C6H6)3P]2NiBr2 -f Ni(CO)4 [(C6H6)3P]2Ni(CO)2 + NiBr2 + 2CO 

loO-loO C 

This means that nickel carbonyl in statu hmcendi releases activated carbon 
monoxide and is regenerated from carbon monoxide in the mixed gas. 
Nickel carbonyl is the real catalyst in this case. (Compare stoichiometric 
acrylic ester synthesis after Reppe from nickel carbonyl, alcohol and acety- 
lene in acid solution.) 

It is probable that all these assumptions are far too complicated and 
that the triphenylphosphine nickel bromide-butyl bromide complex C 
[compare (4) ] is the effective agent. It exchanges the butyl bromide which 
is bound by subsidiary valencies to carbon monoxide (or acetylene) and 
recycles this added and activated carbon monoxide by a new exchange of 
bromide. It is furthermore to be considered that besides the triphenyl- 
phosphine nickel bromide compounds (m.p. 221 to 223°C) there exist two 
other nickel bromide compounds with variable triphenylphosphine content, 
the properties of which are very similar; this makes formation of active 
intermediates in the presence of carbon monoxide or acetylene very likely. 
Besides the compound melting at 221 to 223°C, there was isolated a red 
compound melting at 335 to 360^^0, which is probably 

l[(C6H6),PlNiBr2)2, 

and another one melting at 98 to 102®C, the formula of which is probably: 

([(C«H,),P],NiBr,)t 
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Corresponding mercury and cadmium compounds have been known for a 
considerable time.^® 

All these compounds are, so to speak, members of a series, and it may 
be assumed that one compound can be generated from any other one under 
the conditions of acrylic ester synthesis, or that there is at least formation 
of an equilibrium such as: 

[(C6H6)3P]2NiBr2 + [(CflH6)8P]NiBr2 

(7) (la) (2a) 

160-160“C 
30 atm 
mixed gas 

[(C6H5)3P]3(NiBr2)2 

(3a) 

The unsaturated stages ( 2 a) and ( 3 a) will add carbon monoxide in the 
presence of mixed gas and form the stable compound (la), adding carbon 
monoxide or butyl bromide instead of the missing triphenylphosphine. 
If carbon monoxide is added to such an unsaturated state, it becomes 
richer in energy and is unstable in the next complex, which can be expressed 
in the following formula : 


(C6H6)*P 


( 8 ) 


[(CflHfiljPlNiBr^ 


CO 


[(C 6 Hft) 3 P] 2 NiBr 2 [stable (la)] 
[(C 3 H 6 l 3 P](CO)NiBr 2 [unstable] 


C4H»Br 


^ [(CflH6)3P](C4H9Br)NiBr2 [unstable] 


Theoretically, it should be possible to replace all triphenylphosphine rad- 
icals of a nickel bromide complex by carbon monoxide, and a pure nickel 
bromide carbon monoxide complex should be obtained ; 


[(C6H6)sP]2NiBra + 2CO - (COlaNiBrj + 2(C6H6)aP 


It is very likely that such intermediates occurred in acrylic acid ester syn- 
thesis with nickel bromide catalysts, especially since stable cobalt-carbon 
monoxide-iodine compounds were isolated by H. Hieber. In alcoholic 
solution solvates probably exist with alcohol molecules. In acrylic ester 
synthesis from butanol, carbon monoxide and acetylene, the compound 
Ni(C4H90H)4(C0)2Br2 may be present. The solvated compound [Ni- 
(C4H90H)4]Br2 was isolated. 

Evans, Frederic, Mann, Peizer, Purdie, J. Chem. Soc,, 1940, 1209. 
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Not only unstable intermediates but also nickel carbonyl will frequently 
be formed at the end. This explains the large quantity of nickel carbonyl 
which appears if nickel bromide is the only catalyst used, and the tempera- 
ture is kept below 180°C. This disadvantage^ is absent if triphenylphos- 
phine stabilized active intermediates of nickel bromide are used because 
there is generally no formation of free nickel carbonyl and no decomposi- 
tion of the effective nickel catalysts. If nickel carbonyl should be formed, 
the interfering side reaction is stopped immediately by reformation of an 
active nickel bromide compound with the release of carbon monoxide 
[(4) and (G)J. With phosphine catalysts and butyl bromide, some nickel 
carbonyl was formed only at the start of the experiments. 

With other nickel catalysts, such as nickel bromide betwt'cn 150 and 
160°C, there is usually formation of miudi nickel carbonyl because equi- 
librium is far on the left side of the ccpuition Ni(C ())4 — > Ni + 4CO at this 
temperature and pressun'. Tlie discharge from tlu^ reactors did not smell 
of nickel carbonyl in the triphenyl phosphine' experiments. Acrylic ester 
formation must therefore be attributed t-o carbon monoxide activation; 
the activated carbon monoxide undergoes cyclization together with the 
acetylene, thus forming the 3-membered ring cyclopropenone, which has 
been discussed by Reppe and which react, s with the alcohol to yield acrylic 
esters. 


HC==CJ1 

\ / 

C 

II 

o 

The phosphine compounds have the advantage of precipitating quantita- 
tively when unreacted alcohol and acrylic ester are distilled off. They 
may be separated by filtration at low temperatures and reused with new 
alcohol-butyl bromide mixtures. They are therefore ideal catalysts which 
are permanently effective without becoming exhausted. Their life de- 
pends on how the reaction is carried out. In the presence of slightly acid 
butyl bromide, much iron (2 per cent) may dissolve due to corrosion (iron 
bromide). Triphenylphosphine will combine, forming iron complexes 
which have a damaging effect upon the catalyst in long runs. 

It should also be noted that active nickel compounds which are able to 
add carbon monoxide or acetylene can also be formed if the valency of 
nickel changes from the bivalent to the univalent stage by reduction. Uni- 
valent nickel compounds have a general tendency to add carbon monoxide 
and acetylene. If one assumes that the change of valency occurs with 
special readiness in triphenylphosphine nickel compounds in alcoholic 
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solution and in the presence of acetylene and carbon monoxide under pres- 
sure, then the formation of univalent nickel compounds is obvious. The 
red color of the compound obtained from triphenylphosphine and nickel 
bromide at 320°C proves that these nickel compounds exist since red 
nickel compounds almost always contain monovalent nickel. This does 
not interfere with the above-described conceptions. The extent of reaction 
between alcohol and the applied nickel compound is still to be investigated. 
One may recall tlm de(;omposition of substanc.e C (triphenylphosphine 
nickel bromid(i-l)uty] bromide) by methanol, and former experiments to 
produce solvates of nickel l)roinide. It, would be useful to study closely 
these reactions of phosphine-nickel halide (compounds which could only 
partly be realized by experiment and which will he of importance for ques- 
tions in catalytic chemistry in general. 

The following schematic repn^sentation for the role of ti*iph(inyl phos- 
phine-nickel halide catalysts in the synthesis of acrylic esters from acety- 
lene and carbon monoxides is indi(;aled : 

21(C6U.);,P].(NiBrJ(:,|lU15r 
Substance C 

KCeHanPlaNiBra-C.llsBr CO ■ |(Cai6)„P):,(00)-{NiPr..):.-C,H9Br 

[(C«H5);,P]s(CO)(NiBr.,), C4H,Bi' 4 tCclU.tjP-C^IIsBr 

]1,C=CH - COOR + 2|(C6JB)4Pl,.NiBrj.C4H9Bi- 
Subf^tance C 


Other triphenyl phosphine complexes. A handwritten list of other tri- 
phenyl phosphine-metal carbonyl and triphenyl phosphine-metal salt 
complexes was found attached to the above report. It is not clear whether 
these complexes had been prepared and tested as catalysts or whether they 
were simply possibilities for future work. In view of this uncertainty, 
they are not presented here but, as a matter of record, are listed on page 297. 

Synthesis of Saturated Carboxylic Acids and Their Derivatives from 
Olefins and Olefinic Compounds 

Reppe tried immediately to transfer the new knowledge gained from his 
experience with acetylene and carbon monoxide to olefinic compounds. 
It was expected that carbon monoxide would add to the olefinic double 
bond, forming the intermediate hypothetical cyclopropan one ring. This 
should then react with active hydrogen atoms, e.^., with water, alcohols, 
amines, mercaptans, etc., to give aliphatic carboxylic acids, esters, amides, 
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thioesters, etc. Reppe could, in fact, realize all the reactions which would 
be anticipated on account of this theory, as the following formulas show : 

RCH==CH2 + CO > RCH CH2 

\ / 
c 


RCH CII2 + H2O 

\ / 

C 

II 

0 


RCH CH, + RiOH 

\ / 

C 

0 


\ 


0 

RCHCOOH 

I 

CH3 

RCH2CH0COOH 


RCHCOOR. 

/ I 

CHa 


a-M ethyl carboxylic acids 

n-Carboxylic acids 

cc'M ethyl carboxylic acid esters 


\ 


C 

0 


RCH CH2 -f NHa 

C 

li 

0 


RCH2CH2COOR1 n-Carboxylic acid esters 


0 0 

/ / 

RCHC— 0--C— Ri 


/ I 

RCH CH2 + RiCOOH — Q Q Acid anhydrides 

/ \ /> y'y 




/ / 

RCHjCHzC— 0— C— Ri 

RCHCONH2 a~M ethyl carboxylic acid amides 

CHa 


\ 


RCH CH2 + H2 

\ / 

C 


RCH2CH2CONH2 

RCHCHO 

I 

CHa 

RCH2CH2CHO 


n-Carboxylic acid amides 
a-Methyl aldehydes 

n- Aldehydes 


Actual reactions prove that splitting of the cyclopropanone ring occurs 
in both possible ways, and straight-chain compounds as well as alpha- 
methyl substituted compounds are obtained. With olefins, just as with 
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acetylene, various reaction possibilities can be realized by use of stoichio- 
metric quantities of metal carbonyls and acid, or by catalytic methods. 

S3mthesis of Carboxylic Acids from Olefins, Carbon Monoxide and 
Water. The synthesis of carboxylic acids from olefins, carbon monoxide, 
and water can be carried out very smoothly with carbonyl-forming metals 
or nickel carbonyl catalysts at 200 to 300°C under 150 to 300 atm. For 
example, CarpenteF^ states that the reaction may be carried out as fol- 
lows: a reactor is charged Avith one liter of catalyst made by depositing 
nickel from nickel carbonyl at 200°C on silica gel. The reactor was then 
charged with a mixture of C 12 to Cie olefins containing 80 to 90 per cent 
of total olefins. The reaction temperature is ISO'^C, and a mixture of car- 
bon monoxide and steam is circulated through the reactor. Conversion 
and yield are approximately 100 per cent. 

The reaction works with both the lower olefins like ethylene, propylene 
and butylene, and the higher, and even the highest members of this series 
with 5 to 25 carbon atoms, as long as the olefins contain a terminal double 
bond. However, the conversion of the lower olefins such as ethylene, prop- 
ylene, and butylene is considerably slower than that of the higher olefins. 
FurtheiTnore, the lower aliphatic acids in the presence of nickel carbonyl 
presented very serious corrosion problems which apparently had not been 
solved in Germany during the war years ; hence, little progress had been 
made towards commercial installations of this process. 

In a similar way, carboxylic acids can be obtained from cyclic olefins, 
carbon monoxide and water. Cyclohexene gives hexahydrobenzoic 
acid, and cyclooctene gives cyclooctylcarboxylic acid. 



Hexahydrobenzoic acid 



Cyclooctylcarboxylic acid 


Diolefins also react, although not simply ; butadiene undergoes cycliza- 
tion to vinyl cyclohexene, which then reacts to form a mixture of isomeric 
mono- and dicarboxylic acids. 

Many unsaturated compounds such as olefinic mono- and polyalcohols, 
olefinic carboxylic acids, and unsaturated ketones also react with carbon 
monoxide and water under the influence of metal carbonyls with the intro- 
duction of a carboxylic group.^^ Allyl alcohol adds carbon monoxide and 

PB 58447 {FIAT 933). 

“ I.G. Farbenindustrie patent proposal 
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water, producing beta-hydroxy isobutyric acid which is dehydrated to 
methacrylic acid during the reaction; part of the methacrylic acid is esteri- 
hed by the allyl alcohol, while part apparently dimerizes: 

CH,— CHCH2OH + CO + II2O > HOCHjCIICOOH "^-4 

CIIs 

CIl 2 =C— coon > CH 2 ==C— COOCHj 

I I I 

CH, CII» CH 

11 

CHo 

A mixture of 115 parts of allyl alcohol, 30 parts of water and 60 parts of 
nickel carbonyl were heated in a pressure vessel at 170°C for 16 hours 
under a carbon monoxide pressure of 50 atm. The reaction product con- 
sisted primarily of the allyl ester of methacrylic acid together with some 
dimeric methacrylic acid. 

Allyl carbinol, carbon monoxide, and water give primarily the unstable 
hydroxy a(;ids, alpha-methyl-gamma-hydroxybutyric acid and delta- 
hydroxyvaleric acid, which readily form alpha-methyl-butyrolactone and 
delta-valerolactone : 

CH,=CH— CHj— CH.OH HOOC— CHj— CHj— CIl CHjOH 

Allyl carbinol della-Hydroxy valeric acid 

CU2 

/ \ 

H:C CH, 

I I + ir.o 

HjC C =0 

\ / 

u 

della-Valcrolactone 
C II. — CH— C II. — C ILOH 

1 

COOH 

alpha~M ethyl-gam ma-hydroxy -butyric ac id 

1 

I 

H 

H,C C< 

I I CHa 

HaC C =0 

\ / 

0 

alpha-MethylbtUyrolactone 


Clh^Cll-CBr (ULOH 

Allyl carbinol 
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300 parts of allyl carbinol, 75 of water, and 60 of nickel carbonyl were heated 
for 16 hours at 270°C. The reaction product contained 45 per cent of 
alpha-methyl butyrolactone, about 5 per cent of delta-valerolactorie, and 
the remainder unchanged allyl carbinol. 

In the presence of about 1.5 per cent of added nickel iodide, the yield of 
alpha-methyl butyrolactone was 64 per cent and of delta-valerolactone, 20 
per cent. Using 3 per cent of bismuth hydroxide in place of the niclcel io- 
dide, the yield was 64 per cent alplia-methyl butyrolactone and about 10 
per cent delta-valerolactone. 

Study of the behavior of olefinic (carboxylic acids toward carlxjii monox- 
ide and water, or other compounds with active hydrogen atoms, was of 
great interest. Reppe succeeded in adding car})on monoxide and wab^r to 
oleic acid and to undecylenic acid, and obtained valuable dicarboxylicc 
acids which may prove to be us(4ul for the manufacture of polyamides, 
plasticizers, etc. The reactions were formulated in the following manner: 

CIT:,(CH,,)7CH=CH(CH,)7C00H 
Oleic acid 

CO iho 




270 


ACETYLENE AND CARBON MONOXIDE CHEMISTRY 


These reactions were carried out as follows : A mixture of 14 parts of oleic 
acid, 3.6 of water, 4 of nickel carbonyl and 0.5 of nickel iodide was heated 
for 18 hours at 270®C under 200 atm of carbon monoxide to give an 80 per 
cent yield of nonodecane dicarboxylic acids. 

A mixture of 18.4 parts of undecylenic acid, 61 of nickel carbonyl and 
36 of water were heated for 15 hours at 170°C in a pressure vessel. At 
53 per cent conversion, the yield of dodecanedicarboxylic acids was essen- 
tially 100 per cent. 

If desired, the reaction could be carried out with the ester of the un- 
saturated acid in the presence of an alcohol to produce the diester of the 
dibasic acid, for example : A mixture of 9 parts of methyl undecylenate 
3.7 of ethanol, 10 of nickel powder and 3 of cupric iodide was heated at 
270°C for 16 hours under 200 atm of carbon monoxide pressure. The 
reaction product contained 73 per cent of the diethyl ester of dodecane 
dicarboxylic acid. The conversion was 66 per cent, the yield quantitative. 

It is also claimed that by carrying out the reaction of nickel carbonyl 
with unsaturated acids in the presence of ammonia or formamide, the 
diamide of the dicarboxylic acid results. Thus undecylenic acid and am- 
monia or foimamide in the presence of nickel carbonyl at 270° and 200 atm 
of carbon monoxide pressure gave the diamide of dodecane dicarboxylic 
acid. 

The synthesis of carboxylic acid anhydrides under the influence of nickel 
carbonyl is of great potential importance. In a single cycle from ethylene, 
carbon monoxide and water, it is possible to prepare propionic acid anhy- 
dride, which is used in the production of cellulose propionate. The forma- 
tion of propionic acid and its anhydride from ethylene may be formulated. 

( 1 ) H 2 C=CH 2 + CO -f H 2 O > CH 3 — CH 2 — COOH 

CH 3 — CH 2 — CO 


HaC^CHs -f CO + CHa—CHa— COOH — 


O 


CHa— CH 2 — CO 
CHa— CH.— CO 

\ 

(2) 2 H 2 C=CH 2 -I- 2 CO -f H 2 O > O 

/ 

CHa— CH 2 -— CO 

It is interesting to note that a paper by Mailhe describes the reverse of 
reaction (2); that is, the splitting of acid anhydrides to olefins, carbon 
monoxide and carboxylic acids under the influence of finely divided nickel 
catalysts.^® 

Properties of the Fatty Acids Produced, Based upon the boiling point, 
the constitution of the fatty acids produced from the carboxylation of 

Bull, soc, chim, (4), 6 , 815-9 (1909). 
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olefins was assumed to be that of alpha-methyl carboxylic acids. The 
fatty acids from octadecylene consisted of a liquid and a solid part (com- 
position and physical constants of the liquid and solid acids are identical). 
It was difficult to decide whether this fact was due to the starting material, 
or whether it must be attributed to the formation of isomeric compounds 
from olefins, due to migration of the double bond under the reaction 
conditions. The esters of the synthetic fatty acids, especially of the liquid 
acids, are hard to hydrolyze. The melting point of solid methyl stearic 
acid mixed with an acid synthesized from cetylbromide via methyl malonic 
acid ester was unchanged. The ketone obtained by distillation of the 
nickel, or thallium salt of the acid from octylene is not identical with the 
ketone obtained from the synthetic acid in the same way. However, since 
a uniform acid is not formed in the synthesis, it is uncertain which one of the 
ketones has been isolated by crystallization. 

Properties of Soaps from Synthetic Fatty Acids. Soda and potash soaps 
can be manufactured from methyl-substituted fatty acids in the usual 
way. These soaps are softer than soaps from natural fatty acids of the 
same molecular weight. They are stated to be superior to soaps from 
natural fatty acids with regard to solubility, ability to lather, and plasticiz- 
ing ability for rayon. The decreased hardness will be found advantageous 
in milling the soaps. 

Alcohol sulfonates prepared from the alcohols obtained by hydrogena- 
tion of these fatty acids are also claimed to have properties superior to 
those of the straight-chain alcohols. 

Higher olefins are cheap only in low percentage mixtures with paraffins ; 
consequently, synthesis of carboxylic acids from such mixtures, carbon 
monoxide, and water is a convenient way to produce fatty acids and their 
corresponding alcohols in pure form. Obviously, the paraffin can easily be 
separated if the fatty acids are converted into soaps. The acids may be 
subjected to distillation and purification by fractionation, after which 
they are hydrogenated to alcohols which serve as starting materials for 
the manufacture of detergents. 

Synthesis of Carboxylic Acid Esters from Carbon Monoxide, Olefins 
and Alcohols. The reaction of a low molecular weight olefin with carbon 
monoxide and water in the presence of a carbonyl-forming metal or a metal 
carbonyl is frequently slow, and the carboxylic acid produced also causes 
difficulty due to corrosion. It was thought possible that the replacement 
of the water by an alcohol might lead to an improved reaction which would 
produce the carboxylic acid ester as shown in the formula : 

R H 0 

I I ^ 

E— C— C— C— OR 


R H 

\ / 

C==c + CQ + ROH *. 

/ \ 

R H 


H H 
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The yields of esters obtained in the first experiments were much more 
favorable than those published in the prior patents; hence, it was hoped 
that after a thorough study of the reaction, preliminary results might be 
improved upon and a useful technical procedure developed. Patent appli- 
cations^^ covering the reaction of olefins with stoichiometric amounts of 
nickel carbonyl as well as the catalyzed reaction of carbon monoxide, alco- 
hols and olefins were submitted. 

U. S. Patent 1,979,717 which claims poorer results with quite different 
catalysts and under much less advantageous conditions (pressure 700 atm, 
300°C) is stated to anticipate these patent applications.* 

The authors have not found it possible to correlate or evaluate satisfac- 
torily the results of the scattered laboratory records which they have seen 
describing the results of this phase of carbon monoxide chemistry. Appar- 
ently, the work for the most part had not progressed beyond the explora- 
tory laboratory scale. It is not clear whether this status was the result of 
incomplete research, lack of time, or corrosion difficulties. 

The pertinent observations noted which relate to the synthesis of esters 
from alcohols and olefins by reaction with metal carbonyls or by catalytic 
reaction with carbon monoxide are as follows: 

Catalysis. Nickel carbonyl alone does not react with olefins in the pres- 
ence of alcohols. However, in the presence of halogens, particularly iodine, 
good yields of esters can be obtained. Metals capable of forming carbonyls 
are not catalysts for the reaction of carbon monoxide with olefins and alco- 
hols. However, cobalt activated with other metals was somewhat more 
active and gave up to 20 per cent of ester. 

The halides of carbonyl-forming metals, particularly cobalt and nickel, 
are catalysts for the reaction. The reactivity increases from fluorides (no 
reactivity) to chlorides (poor, up to 30 per cent yields), to bromides 
(poor), to iodides (73 per cent yields). Salts other than halides are ineffec- 
tive. Halides of other carbonyl-forming metals (MoClg, M 0 I 2 , CrCb, 
WCI4, WO2CI2, etc.) gave no yields or very poor yields. Halides of non- 
carbonyl-forming metals had little or no activity. 

The addition of carbon monoxide and an alcohol to an olefin in the pres- 
ence of a metal halide is -a catalytic reaction as shown by the fact that 0.16 
mole per cent of nickel iodide gave a 58 per cent yield of ester. It is not 
known definitely that nickel carbonyl occurs as an intei’mediate ; whether a 
compound (Nil 2 -CO) exists which splits off activated carbon monoxide 
and is continuously regenerated was not determined. 

1.G. Farbenindustrie patent proposals 0 .Z .-12 yS04 and O.Z.-12fi60. 

* Reppe, in one of his papers, lists numerous patents issued to such companies as 
DuPont, I. C. I., Celanese, etc., which disclose the synthesis of carboxylic acids or 
derivatives thereof by reaction of carbon monoxide with olefins or alcohols, but states 
that he did not consider it possible to develop them into technically feasible processes. 
The reader will, of course, recognize that certain of the above-mentioned companies 
have Ksucccssfully operated such processes. 
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A combination of metallic nickel with heavj^ metal halides (preferably 
iodides, e.g. silver or cupric iodide) gave olefin conversions up to 90 per 
cent of theoretical. For higher olefins such as octadecylene, a combination 
of nickel stearate and a heavy metal halide was apparently the preferred 
catalyst. 

Reactivity of Various Alcohols and of Ammonia. Methanol generally 
gives poor conversion ; the maximum yield of methyl ester was 52 per cent ; 
dimethyl ether and acetic acid are usually formed as by-products. Eth- 
anol, propanol, and butanol react more readily; while octyl alcohol and 
phenol react less readily. Ammonia instead of alcohol does not form the 
(jarboxylic amide. 

Reactivity of Olefins. Butylene, octylene, dodecylene, octadecylene, 
(tracked olefins, and S3mthetic olefins from the hydrogenation of carbon 
monoxid(^ were also used. The lower olefins react with greater difficulty 
than do the higher olefins, octylene and octadecylene. Butylene did not 
react with metal iodide catalysts. 

Course of the Reaction. A number of reactions are possible under the 
conditions shown below : 


Chief Reaction 

(I) R— CH=CH2 H- C2H5OH + CO 

R— CH— COOC2II5 or RCH2CH2COOC2H5 

I 

CHa 


Side Reactions 

(II) CjHaOH »• CjHtCOOH 

(III) C2H5OH + CoHoCOOH > CjHl— COOC 2H, + HsO 

(IV) R— CH—COOCaHo + CaHaCOOH C2H5— COOCjHj + R— CH-COOH 

I I 

CH, CH, 


(V) 

R— CH— COOC2H6 + H2O 

1 

R— CH— COOH + 

1 

(VI) 

1 

CH3 

R— CH=CH2 + H2O + CO 

CH3 

► R— CH— COOH 

1 



1 

CHj 

VID 

2 C2H5OH - 

► C2H6OC2H, + H2O 

(VHD 

C2H5OC2H5 -f CO • 

► C2H6— COOC2H* 



274 


ACETYLENE AND CARBON MONOXIDE CHEMISTRY 


(IX) 

C2H,0H - 

— > CH2=CH2 4- H2O 

(X) 

CH2=CH2 -h H2O -f CO ~ 

— » C2H5COOH 

(XI) 

CoH.OH - 

— > CH3CHO + H. 


Reactions (II) and (III) depend upon the type and quantity of iodide 
used, time of reaction and temperature. Ester interchange between fatty 
acid ester and free propionic acid leads to the formation of free fatty acid 
(IV). The formation of fatty acid from olefin and water (VI) which 
comes from the formation of esters, ethers, or olefins (III, VII, IX) is of 
minor importance only. The same holds true for the hydrolysis of esters 
with water, which will be a subject of closer study (V). T\w, formation of 
ethers (VII) was especially observed with methanol, and under suitable 
conditions, with butanol and ethanol. Butylene and ethylene were found 
also (IX) as was acetaldehyde (XI) by dehydrogenation of alcohol. Tlu^ 
presence of acetaldehyde does not interfere with the reaction. 

S3mthesis of Acetic Acid from Methanol and Carbon Monoxide. The 
S3m thesis of acetic acid by the high-temperature high-pressure reaction of 
methanol and carbon monoxide has been tlu^ sul)ject of man}^ patents. 
As catalysts for the reaction, phosphoric a(;id, phosphates, activated car- 
bon, heavy metal salts such as zinc and cuprous chlorides, oxides and sili- 
cates of chromium, molybdenum, tungsten, uranium, oxides of thorium, 
zirconium, titanium, aluminum, and magnesium, and boron fluoride have 
been suggested. 

In the synthesis of fatty acid esters by the reaction of olefins with carbon 
monoxide and an alcohol in the presen(;e of metal carbonyls, large quan- 
tities of carboxylic acids having one carbon more than the alcohol used 
were often isolated ; in some cases, as much as 40 to 45 per cent of the alco- 
hol charged might be converted to the carboxylic acid or its ester. It was 
obvious, therefore, that the metal carbonyls, or metals capable of forming 
carbonyls in the presence of carbon monoxide, were also catalysts for the 
reaction of an alcohol with carbon monoxide. 

ROH -f CO RCOOH 

An extensive investigation of the synthesis of acetic acid from the reac- 
tion of carbon monoxide with methanol was carried out. The results of 
this research indicated: The formation of acetic acid from methanol and 
carbon monoxide is an endothermic reaction which is favored by high pres- 
sure. All experiments were done under a total pressure of 200 to 300 atm 
and a partial pressure of methanol of 80 to 120 atm. The temperature 
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range of the reaction is between 260 and 360°C, and the most advan- 
tageous range is between 270 and 290*^0. The carbonyl-forming metals, 
(\specially nickel, iron, and cobalt, showc'd satisfactory catalytic activity 
when used in conjunction with metal halides or free halogens. The activ- 
ity of the metals decreases in the order nickel, iron, cobalt; the activity 
of the halogens, in the order iodine, bromine, chlorine. 

The best catalysts in the batch experiments were nickel iodide, Raney 
nickel, or nickel gravel with cuprous iodide, either free or on catalyst sup- 
ports. A conversion of 70 to 82 per cent total acetic acid with 50 to 77 per 
cent free acetic acid was obtained. Cuprous iodide, however, is not stable 
as a catalyst. The use of copper-nickel alloys in combination with cuprous 
iodide did not prove advantageous. 

The catalytic action of cuprous iodide can explained by continuous 
cleavag(i, releasing fi‘(^e iodine which is effective' in the catalytic reaction. 
Part of this iodine is afb'rward found as nickelous iodide, which is dissolved 
in the acetic? acid, and part on the copper walls of the reactor, where it is 
precipitated as difficultly soluble cupric iodide. It therefore lasts only a 
limited time in a continuous process. The (quantity of iodine which is 
withdrawn in solution is 1 kg per 1000 kg of methanol throughput. In a 
continuous process, therefore, it would be necessary to replace the iodine 
continuously by addition to the feed of small amounts of iodine in the form 
of soluble iodine salts or hydriodic acid. 

An undesired side reaction in acetic acid synthesis is the formation of 
dimethyl ether which occurs chiefly in silver autoclaves, whereas this reac- 
tion is very limited in copper and V4A autoclaves unless chlorides are used. 
p]xperiments to produce acetic acid by way of the dimethyl ether stage give 
exceedingly poor yields consisting chiefly of the ester. Phenols and aro- 
matic ethers do not react. 

Sufficient data are not available, at least to the authors, to permit an 
appraisal of the final conclusions arrived at by the German chemists. 
Great difficulty due to the corrosive nature of the reactants and reaction 
products was experienced; ordinary autoclaves of various stainless steels 
were so badly corroded after a few experiments that the contents of the 
autoclave sometimes solidified due to formation of the metal acetates. 
Copper was more corrosion-resistant than the ferrous alloys, but required 
the use of higher temperatures to obtain satisfactory results. Tantalum- 
lined autoclaves were apparently satisfactory, but not readily available in 
a wartime economy such as Germany’s. 

S3mthesis of Acids and Lactones from Cyclic Ethers. It is compara- 
tively easy to introduce carbon monoxide into aliphatic and particularly 
cyclic ethers with the aid of metal carbonyls, especially of nickel carbonyl, 
in the presence of halogen. Reppe was interested primarily in the con- 
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version of cheap tetrahydrofuran to adipic acid according to the following 
reaction : 



cih 
/ \ 

H2C CH2 _ H2C OIL, 

1 1 CO__ , 1 

H2C CH2 

^ 1 1 

H2C CO 

\ / 

\ / 

0 

0 

Tetrahydrofuran 

Adelta~V alerolactone 


IloC— CHo 

I i 

H2C Clio 

I 1 

IIOOC COOH 

Adipic acid 

Reppe claims that this synthesis is the cheapest and simplest way to pro- 
duce adipic acid in good yield in a single cycle. Adipic acid which is an 
important starting material for polyamides thus can be produced on a large 
scale without using phenol. If suitable catalysts are chosen, it is possible 
to add only one mole of carbon monoxide to tetrahydrofuran and to stop 
the reaction at delta-valerolactone. This lactone can easily be converted 
into epsilon-caprolactam, which is important for polyamide synthesis. 
Tetrahydropyran may be converted in a similar way into pimelic acid. 

The diols which are the precursors of the cyclic ethers, c.g.^ butane- 
diol-1,4 and pentanediol-1 ,5, also undergo the reaction. Suberic acid 
can be made from hexanediol-1,6 and higher diols behave accordingly. 

Reaction of Carbon Monoxide with Tetrahydrofuran 
Nickel Catalysts^^ 

The reaction of carbon monoxide with tetrahydrofuran at 270° and 200 
atm in the presence of nickel iodide as a catalyst and nickel carbonyl as 
the carbon monoxide carrier gave 80 per cent yields of adipic acid. 

CHs CH 2 

I I 

CH, CHj + 2 CO + HjO — >. HOOC(CHj)4COOH 

^ Ni(CO)4 

0 

The reactor, constructed of steel and lined with platinum to resist 
corrosion, is 70 mm in diameter and 3 meters high. An overflow is located 

PB 26655 {BIOS 351). 



CHEMISTRY OF CARBON MONOXIDE 


277 


approximately 2.5 meters from the bottom so the liquid volume is about 7 
liters. 

The reactor is first filled with molten adipic acid at 270°C. A mixture of 
93 per cent by weight of tetrahydrofuran and 7 per cent nickel carbonyl 
is pumped iit a rate of 7 to 14 liters per 24 hours to the base of the reactor 
where it meets two other liquid streams: (1) catalyst solution, a concen^ 
trated solution of nickel iodide in water, fed at such a rate that nickel iodide 
amounts to 1 per cent on the tetrahydrofuran and (2) recycle condensate. 
Carbon monoxide is pumped in to maintain a pressure of 200 atm. 

Under steady conditions, the liquid overflowing consists of 80 per cent 
adipic acid, 5 per cent delta-valerolactone and 15 per cent valeric acid with 
a small amount of tetrahydrofuran and all the nickel iodide. The vapors 
above the overflow^ consist of carbon monoxide saturated with tetrahydro- 
furan, water and nickel carbonyl, and are recycled. 

Tlui procedure for working up the reaction product is not available. Al- 
though Keppe claims that this is the cheapest method for the preparation of 
adipic acid, it is not evident that the work in Germany had been carried 
past the scale detailed here. 


Cobalt Catalysts 

In the search for catalysts for the reaction of carbon monoxide with tetra- 
hydrofuran, it was found that this reaction can be accomplished with cobalt 
catalysts at temperatures between 140 and 200°C. The course of the reac- 
tion, however, differs from the synthesis of adipic acid by the reaction of 
carbon monoxide with tetrahydrofuran in the presence of nickel catalysts 
and water. In the presence of cobalt catalysts only one molecule of carbon 
monoxide reacts with the tetrahydrofuran, with the formation of delta- 
valerolactone : 


Ii2C CH 2 -f CO > 

i 1 

H2C CH2 

\ / 

O 


CH2 
/ \ 

H2C CH2 

1 I 

H2C c=o 

\ / 
o 


The action of water gas upon tetrahydrofuran in the presence of cobalt 
catalysts gave delta-valerolactone in yields of approximately 40 per cent. 
It was hoped that this substance could be obtained in higher yield when 
using pure carbon monoxide because one mole of tetrahydrofuran with one 
mole of carbon monoxide should, according to the equation above, give 
delta-valerolactone without hydrogen in the reaction. The reaction using 
carbon monoxide yielded delta-valerolactone in 80 per cent of theoretical 
yield. Conversion took place very slowly, however, and could not be sub- 
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stantially improved by activators. This slow conversion was not caused 
by the fact that the catalyst was spent or that the reaction was inhibited, 
a,s j)rc)ve(I by stopping the experiments from time to time and analyzing the 
contents of the autoclave. Sixteen per cent of tetrahydrofuran had been 
converted after 18 hours; 34 per cent after 36 hours. 

Process Description. Fifty parts of siliceous catalyst containing 13.2 
per cent of cobalt (from cobalt nitrate) and 0.7 per cent of tin oxide were 
reacted ^vith a mixture of 200 parts of tetrahydrofuran and 50 of water 
under 200 atm of carbon monoxide pressure for 18 hours at 160°C. Slow 
absorption of carbon monoxide (66 atm) was observed. The reaction 
product was a liquid, colored dark brown by cobalt carbonyl. It was 
worked up by adding caustic potash solution and heating one hour in a 
water bath, the carbonyl decomposing to cobalt hydroxide, which was fil- 
tered off. The filtrate was now acidified with sulfuric acid (decomposing 
the last traces of cobalt (;arbonyl hydride) and extracted with ether for 24 
hours. The ether extract was concentrated and distilled under vacuum; 
thus 51 g of 76 per cent delta-valerolactone, or 39 g of pure delta-valero- 
lactone and 12 g of by-products were obtained from 200 g of tetrahydrofu- 
ran. No contamination of the delta-valerolactone by other isomeric lac- 
tones was found. 

Catalysts, Activators, and Quantity of Catalysis. Suitable catalysts are 
cobalt salts of weak acids, as well as finely divided cobalt metal {e.g., by 
reduction of cobalt carbonate) or cobalt precipitated on supports. It is 
likely that the real catalyst is cobalt carbonyl or cobalt carbonyl hydride 
formed therefrom. Reactions with pure cobalt catalyst proceed slowly; 
hence, numerous experiments were carried out in a search for other ac- 
tivators. 

Pronounced acceleration was not observed with additions of various 
metals or of their oxides or sulfides. Variation of the pH did not accelerate 
the rate of the reaction; the addition of weak acids, such as carbonic acid, 
acetic acid or higher fatty acids, had no noticeable influence. The addi- 
tion of mineral acids considerably decreased the conversion and in high 
concentration entirely checked the reaction. The addition of strong caus- 
tic also stopped the reaction. It was surprising that the addition of a 
small quantity of a weak hydroxide, such as calcium hydroxide or mercuric 
hydroxide, allowed some conversion, but considerable adipic acid was 
isolated from the converted component (up to 34 per cent). 

The quantity of catalyst needed for the reaction is approximately 5 per 
cent of cobalt metal calculated on the quantity of tetrahydrofuran used. 
If this concentration is decreased, the rate of the reaction is decreased 
considerably. It was found, however, that a very low cobalt concentration 
decreased side reactions and that exceptionally pure delta-valerolactone 
was obtained, though in small yield. The addition of halogen had no 
effect. 
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hifluence of Water or Hydrogen upon the Reaction. As with the reaction 
to produce adipic acid, a considerable quantity of carbon dioxide was always 
found in the waste gases. Little hydrogen could be found, however. This 
means that cobalt catalysts and water convert carbon monoxide to carbon 
dioxide and hydrogen, and that the hydrogen is used up during the reac- 
tion. Experiments performed in complete absence of water gave prac- 
tically no conversions, although no water is needed, according to the equa- 
tion: 


H 2 C CII.> 

I I 

HoC CII2 

\ / 

O 

If, however, 50 parts per weight of water wore added for 200 parts of tetra- 
hydrofuran, high conversions were generallj^ obtained, but the purity of 
delta- valerolactone was not more than 50 to 60 per cent. 

If 100 to 200 parts of water were added for 200 parts of tetrahydrofuran, 
conversion bcc^ame considerably smaller, but the purity of the delta- 
valerolactone improved considerably (up to 80 per cent). Analysis of the 
waste gas in these experiments showed that the (luantity of hydrogen and 
of carbon dioxide was the same, that is, no consumption of hydrogen had , 
taken place. It had, evidently, not been used up for side reactions, as 
was shown by the purity of the delta-valerolactone formed. Increasing 
the water beyond the proportion tetrahydrofuran: water 1 :1 gave no con- 
version. 

The by-products of the reaction are complicated and can be charac- 
terized only with difficulty. The only well-defined by-product was a small 
quantity of adipic acid which was found regularly. The other by-products 
are similar to those obtained as chief products from the reaction of carbon 
monoxide and hydrogen with cobalt catalysts although they are formed 
in considerably smaller quantity (diols of various composition, hydroxy 
methyl tetrahydropyran). There are, in addition, some very high-boiling 
substances which are most probably polyesters and polymeric delta- 
valerolac tones. These high-boiling compounds have the properties of 
factice (a rubber-like vulcanized oil similar to art gum) and proved to be 
very good substitutes for it. 

Addition of Foreign Gases; Gas Pressure. In view of these data, activa- 
tion of the reaction by a slight addition of hydrogen was tried. This ex- 
periment failed completely ; nor could the reaction be accelerated by the 
use of cobalt carbonyl hydride. It seems that hydrogen, which is inter- 
mediately liberated during the conversion, is used up in statu nascendi 
but that a partial pressure of small amounts of molecular hydrogen is not 


CHo 
/ \ 

+ CO > HjC CH, 

I ! 

H,C 0=0 

\ / 
o 
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sufficient to cause reaction. The addition of carbon dioxide likewise had 
no effect. 

When the pressure of carbon monoxide was increased to 300 atm^ con- 
version was increased. It is likely that even higher pressures would be 
helpful. 

Valerolactone from Buianediol-1 j4 

delta-Valerolactone can also be obtained if butanediol-1 ,4 is used instead 
of tetrahydrofuran. Conversions are much poorer, however, than with 
tetrahydrof uran . 

Conversion of delta-Valerolactone to Adipic Acid 

Experiments to convert delta-valerolactone to adipic acid in the pres- 
ence of cobalt catalysts were performed under various conditions and with 
many catalysts. The reaction can be oflected with cobalt catalysts ; the 
best experiment succeeded in converting 44 per cent of the delta-valerolac- 
tone to adipic acid. Halogens, especially iodine, had no influence. 

Oxo Process^® 

Introduction 

The reaction of olefins with water gas in the presence of a Fischer- 
Tropsch type catalyst to give aldehydes according to the general equation 

H 

I 

> C=C < + CO + H > — c— C-nrC==0 

is now commonly known as the Oxo process. The aldehydes initially pro- 
duced are hydrogenated to alcohols in a subsequent step. 

The fundamental oxo reaction was apparently first discovered, but not 
exploited, by Smith, Hawk, and Golden who observed the formation of 
oxygenated compounds when ethylene, carbon monoxide and hydrogen 
were passed over a cobalt catalyst at elevated temperatures and pressures.^^ 
In 1939, the reaction of olefins with carbon monoxide and hydrogen was 
under active investigation by Dr. 0. Roelen of Ruhrehemie A. G. Reppe, 
while admitting that Ruhrehemie was the first to demonstrate the utility 
of this reaction, insisted that he would have inevitably discovered this 
reaction since it is only a special case of the general reaction between olefins, 
carbon monoxide and other components such as Avatcr, ammonia, etc. At 
the time of Ruhrehemie ’s work, Reppe had already observed the formation 
of alcohols by the direct action of metal carbonyls on olefins in the presence 
of bases. Later, he claimed credit for demonstrating that cobalt carbonyl 
was the true catalyst in the oxo reaction. 

« PB 81383 {FIAT 1000). 
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The large-scale development of a continuous process resulted from a 
cooperative effort of Ruhrchemie and the I. G. Farbenindustrie. The 
Chemo-Gesselschaft was a development organization formed by these two 
companies on an equal participation basis. The process was later licensed 
to the operating company, the Oxo Gesellschaft, the license covering only 
olefins of 10 to 20 carbon atoms. 

This operating company was to receive 35,000 tons per year of Fischer- 
Tropsch liquid (b.p. 175 to 310°C) containing 33 per cent olefin. Conver- 
sion of this material would furnish 10,000 tons per year of fatty alcohols 
which were to be converted to the alcohol sulfates for detergents. The 
mixed alcohols are claimed to be better raw materials for this purpose than 
the individual pure alcohols. Extensive research on the process was car- 
ried out at Leuna where a plant of 100-ton per month design capacity oper- 
ated for 1 ] to 2 years. The actual production was, however, only 40 to 
50 tons per month because of shortage of the preferred raw material, 
'Tvogasin.'’ Leuna processed a certain amount of “Gelbol,’’ an olefinic 
by-product of the higher alcohols process, to supplement their “Kogasin'^ 
sui)plies, but it was stated that this was an inferior raw material. The 
process details and design were not completely settled and the full-scale 
plant was never put into operation. 

Process Conditions 

The first stage of the process is carried out at about 200 atm of pressure 
and 150 to lOO^C in liquid phase. Finely divided Fischer-Tropsch cata- 
lyst (cobalt-thoria) is suspended in the liquid feed in a concentration 
of 3 to 5 per cent by weight. Most of the catalyst is recycled and the 
make-up requirement is said to l>e very small. Normally, when using 
'Tvogasin’’ as the olefinic feed, the reaction time required is of the order of 
20 minutes. Lower olefins reacted very readily. In the case of low molec- 
ular weight olefins, they have to be used in solution in a liquid medium. 

A number of side reactions occur in the oxo stage. Aldehydes polymer- 
ize to give “Dickol,'' which may amount to 20 per cent of the crude product. 
About one-third of the aldehydes initially formed are also hydrogenated 
to the corresponding alcohol. It is thus not practical to isolate aldehydes 
from the crude product obtained in the first stage of the process. If these 
products are required, it is considered preferable to complete the hydro- 
genation in the second step, separate the alcohols and oxidize them to the 
corresponding aldehydes. 

This second step of hydrogenation, in addition to converting the alde- 
hydes into alcohols, breaks down about 50 per cent of the “DickoL’ to alco- 
hols of the same composition as those derived from the corresponding 
aldehydes. The hydrogenation is hindered by the presence of carbon 
monoxide. It is, therefore, necessary to let down the crude product from 
the first 0X0 stage to atmospheric pressure and to carry out the hydrogena- 
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tion in a separate step at about 200 atm and 170 to 195°C. The same cat- 
alyst used in the first stage can be employed, or, alternatively, this catalyst 
can be filtered out of the first stage crude and replaced by the more readily 
available copper chromite. If the Fischer-Tropsch catalyst is employed, 
some carbon monoxide is formed in the hydrogenation reaction as a result 
of reduction of cobalt carbonyl. In order to keep down the concentration 
of carbon monoxide in the circulating hydrogen, the exit gas is treated over 
an iron catalyst to convert carbon monoxide to methane. The methane 
content of recycle gas can be as high as 10 per cent without adversely affect- 
ing the reaction. This concentration is maintained by bleeding off the 
requisite amount of gas from the circulating system. 

The first step of the Oxo process is not affected by the presence of sulfur 
(;ompounds in the raw materials, but these impurities do hinder the sub- 
sequent hydrogenation step if carried out with Fischer-Tropsch, or copper 
chromite catalyst. With sulfur-containing olefinic raw material, it is 
necessary to filter off the first-stage catalyst and to carry out the hydro- 
genation over fixed nickel-tungsten sulfide catalyst. A partial hydro- 
genation of the crude first-stage product must be carried out prior to 
filtration to convert any cobalt carbonyl into cobalt. 

Operation at Leuna 

As originally worked out by Ruhrehemie, this was a batch process, and 
the pilot plant at Hoten consisted of 18 units originally intended for batch 
operation. Work at Leuna showed that considerably higher throughputs 
were obtained from continuous operations. 

The following description of the latest method of operation of the Leuna 
plant was obtained by W. A. Horne from Dr. Gemassmer, who was the 
chemist directly in charge of these operations. 

The olefin or olefin-containing charge is mixed with 3 to 5 per cent by 
weight of catalyst, most of which is recycled material. This suspension 
is pumped through a heater at the rate of 300 to 700 liters per hour and at 
a pressure of 220 to 240 atm, which raises its temperature to approximately 
150^0. The preheated feed enters the bottom of the first reactor and 
passes upward concurrently with a stream (60 cubic meters per hour) 
of carbon monoxide and hydrogen which has been separately preheated to 
150 to 190° (maximum 200°). This synthesis gas is partly recycle gas from 
the process (40 to 50 cubic meters per hour) and partly make-up gas which 
consists of equal molecular proportions of hydrogen and carbon monoxide. 
The first reactor, which is constructed of carbon steel, has an internal 
diameter of 200 mm and a length of 8 meters. It contains six vertical 
steel cooling tubes (21 mm outside diameter, 17 mm inside diameter) con- 
nected to a water jacket surrounding the reactor. Cooling by these tubes is 
used only when very reactive olefins are charged, and the heat released 
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is high. A thermocouple well extends the length of the reactor, and the 
temperature of the exit products is normally controlled at 150‘^C. The 
temperature and feed rate depend on the concentration and molecular 
weight of the olefins in the charge stock. As previously stated, lower 
molecular weight olefins are more i-eactive. Low concentration of olefins 
in the feed necessitates the use of lower feed rates and higher temperatures 
in order to insure that the reaction proceeds to the required extent. Nor- 
mally, about 70 per cent of the olefins charged is converted in the first 
reactor. 

The exit products from the top of this first reactor pass to the bottom 
of the second reaction vessel where they come into contact with an addi- 
tional 60 cubic meters per hour of synthesis gas. The second reactor has 
the same dimensions as the first but is fitted with baffles to increase the 
efficiency of contact. No cooling tubes are required. The normal oper- 
ating temperature is ITO'^C. Essentially, all the remaining olefins ar(‘ 
converted, and some 20 per cent of the aldehydes formed are hydrogenated 
to alcohols. 

The exit products from the top of the second reactor now flow through a 
water cooler to a separator from which synthesis gas is recycled to the pre- 
heater. Ilie liciuid product is kq, down to atmospheric pressure, and the 
released gases are purged after scinibbing with cmde second-stage product 
t/O prevent loss of licjuid by entrainment. The crude first-stage product 
is now pumped under a pressure of 200 to 250 atm to the second-stage 
pi-eheater from whi(;h it passes to the bottom of the first reactor of the hy- 
drogenation stage. Sixty cubic meters per hour of a mixtui’e of preheated 
fresh hydrogen and methanized recycle gas is also introduced at the bottom 
of this reactor. The reactor is identical with the first reactor of the oxo 
stage but operates at an exit temperature of 180°. The exit product 
from the top of this reactor passes to the top of the second hydrogenation 
i-eaction vessel and travels downward countercurrent to an additional 60 
cubic meters per hour of reaction gas. The exit temperature of this second 
reactor is roughly 200°C. The draw-off of liquid product from the bottom 
of the converter is regulated so as to keep the reactor full of liquid. The 
top of the second reactor serves as a high-pressure separator for hydrogen 
and liquid products. The hydrogen, containing some carbon monoxide, 
is water-cooled and passed to a catch-pot for separation of condensed 
liquid, which is returned to the hydrogenation reactors; the gas is reacted 
at 250°C over an iron catalyst (similar to that used in the Synol process) 
to convert carbon monoxide to methane. 

The liquid product is let down to a pressure of 10 atm to a separator from 
which dissolved gases are vented. The liquid from this separator is charged 
under its own pressure to the filter system. The liquid, in batches of 700 
liters, enters the filter vessel (which is pressured with nitrogen) and is 
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filtered through the porous ceramic tubes situated at the bottom of the 
vessel. This operation requires about 10 minutes with a new filter but can 
take up to 30 minutes when the filters are old. When filtration is com- 
plete, fresh olefin charge is introduced and passes in the reverse direc^tion 
through the filter, thereby washing off the catalyst material. The whole 
vessel is then rotated at 60 rpm for 2 to 3 minutes. It is stopped in the 
inverted position, and the olefin catalyst suspension is forced out by nitro- 
gen pressure. This suspension is then transferred to the feed mixer of the 
Oxo process. The cycle time for a complete operation of the filter is one 
hour per batch of 700 liters of crude product. 

The treatment of the filtered crude product depends on the type of ole- 
finic raw material used. If this raw material has initially a boiling range 
not exceeding 30°C, the alcohols can be separated from the hydrocarbons 
by simple distillation. If, on the other hand, a raw material of wider boiling 
range is employed, the alcohols must be separated by the boric acid method. 

A number of variations of the above process had been tried at Leuna. 
The effect of introduction of liquid feed at the top of one or both of the oxo 
reactors was tried, as was also the operation of the Oxo process with liquid 
and gas flowing countercurrently. The process was also operated with 
only one reactor in the oxo and hydrogenation stages. According to Dr. 
Gemassmer, however, the method described in detail above was found to 
be the most satisfactory. 

Any scheme for operating the Oxo process requires that the rate of in- 
troduction of the synthesis gas in both the oxo and hydrogenation stage 
must be sufficiently high to insure efficient stirring and complete suspen- 
sion of the catalyst. A large excess of synthesis gas is, however, not neces- 
sary from the purely chemical standpoint. Research carried out by the 
I. G. Farbenindustrie suggests that under these conditions the throughput 
would be lower and the reaction temperature somewhat higher. One of 
the difficulties sometimes encountered was that unless the conditions in the 
Oxo stage are carefully controlled, olefin polymerization takes place. The 
polymers so formed, after hydrogenation in the second step, are difficult to 
separate from the higher-boiling alcohols. 

Catalyst Preparation, The Fischer-Tropsch catalyst used in the Oxo 
process was obtained from the catalyst plant of Ruhrehemie at Oberhausen- 
Holten. It was reported to have the following approximate percentage 
composition : 30 cobalt, 2 thorium oxide, 2 magnesium oxide and 66 kiesel- 
guhr. 

The catalyst in powder form is reduced with pure sulfur-free hydrogen. 
The hydrogen flow is controlled at a rate high enough to prevent settling 
of the catalyst powder, i.c., the catalyst is fluidiased by the hydrogen 
stream. The period of reduction is 2 to 4 hours. 
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Oxonation of Other Olefins 

Extensive research was also carried out on the oxonation of other olefins. 
The production of propionaldehyde from ethylene and water gas had pro- 
gressed to a point where a plant to be erected in Italy had been designed. 
Although practically quantitative conversion of ethylene was possible, 
the yield of propionaldehyde was only about GO per cent, the remaining 40 
I)cr cent consisting of comparatively small amounts of n-propanol and 
diethyl ketone and larger amounts of higher-boiling products presumably 
formed by aldolization reactions. 

Propylene was oxonated to a mixture of butanols normally containing 
about equal parts of n-butanol and isobutanol. It is stated in other re- 
ports that the ?i-butanol was the major component. The yield was given 
as 85 per cent with 15 per cent of higher-boiling products. 

Isobutylene, unlike most olefins, gave almost exclusively 3-methyl 
butanol-1 and very little 2,2-dimethyl propanol. 

Cli, 


C=CH2 > CH3— CHCH2CH2OH 

/ I 

Clla CH3 

The syntliesis of higher alcohols (Ce — ‘Cu) from Cs — Cio olefins was 
a potential source of alcohols for use in ester-type plasticizers. 

The C30 and higher olefins (from Fischer-Tropsch hard wax, b.p. about 
460°C, by chlorination and dehydrohalogenation) gave C31 and higher wax 
alcohols which were outstanding emulsifiers. 

Dimethyl hexadiene-1 ,5 gave 35 per cent dimethyl octanediol and 65 
per cent of the monoalcohol, although diolefins ordinarily did not give 
diols when subjected to oxonation. 

Conjugated diolefins gave resins or monoalcohols, the other double bond 
undergoing hydrogenation. Butadiene and dicyclopentadiene both gave 
resins, while 1,1,4,4-tetramethyl butadiene gave 100 per cent of the C9 
alcohol. 

Nitriles cannot be substituted for olefins. Ammonia does not give 
amides with olefins and carbon monoxide. 

Chemistry of the Oxo Process 

The first step in the process appears to consist of the addition of carbon 
monoxide to the olefinic double bond according to the equation : 
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This intermediate product cannot be isolated because it is hydrogenated 
immediately to give aldehydes as follows : 


— C-™C C + H. 

I \/ 

C 

li 

o 
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-c— c=o 


or 


. c— c— c— 

CHO 


depending on the point at, Avhich hydrogen (uiters tlu^ molecule. Further 
hydrogenation, usually carried out in a, separate reaction stage, yields the 
corresponding primary alcohols. 

It should be noted that with the exception of symmetrical oh^tins the 
Oxo process may give a mixture of isomeric aldehydes or isom(‘ric alcohols, 
as well as a mixture' of both aldehydes and alcohols. This tendeiu^y toward 
a mixed product is further increased by isomerization of the olefin undc'r the' 
Oxo-process conditions : 
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The reaction involving the least steric hindrancje predominates. Thus, 
using isobutylene as the olefin, 3-raethyl butanol-1 is obtained in greater 
quantity than is 2,2-dimethylpropanol-l. Similarly, using trimethyl 
pentenes obtained from the polymerization of isobutylene, the main Oxo 
process products are those derived from the isomers with terminal double 
bonds. 

Ketone formation, which occurs to a limited extent, probably results 
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from the reaction of two molecules of olefin with one molecule of carbon 
monoxide and one molecule of hydrop:en. 



4. CO -f fl'> + 




__C— 0 -c—c—c— 

I I II I I 

H 0 II 


llediiction of the ketones would yield higher alcohols. 

The aldehydes may undergo side reactions leading to acids and al(‘ohols 
(Cannizarro type), or esters (interaction of acids and alcohols or Tschenko 
type), all of which may be present in the higher-boiling fraction. 


Rkactjons with Carbonyl Hydrides 

The success whicdi Heppe had in introducing the metal (Tirbonyls into 
organic chemistry led him to lest the action of (carbonyl hydrides upon 
unsaturated organic compounds in tiie hope that the carbonyl hydrides 
might be catalysts which would further stimulate carbon monoxide chem- 
istry. 

Carbonyl hydrides could be produced as described by Hieber by the reac- 
tion of aqueous solutions of alkali and alkaline earths with metal carbonyls, 
particularly iron pcntacarbonyl. However, for the intended reaction with 
carbon monoxide, Reppe had to find basic compounds which would not 
yield salts of formic acid as easily as alkalis and alkaline earths do with 
carbon monoxide. In an attempt to produce carbonyl hydrides from iron 
pcntacarbonyl and ammonia or secondary and tertiary bases, he made the 
important discovery that iron carbonyl hydride in alkaline solution can be 
quantitativT'ly converted to iron penta(*arbonyl and hydrogen by carbon 
monoxide. The iron pcntacarbonyl reacts with surplus alkali with the 
production of iron carbonyl hydride and carbon dioxide, the reaction com- 
ing to an end when all the alkali has been converted to carbonate Avith the 
liberation of an equivalent quantity of hydrogen. It is, therefore, a type 
of water-gas conversion (shift reaction) which runs at room temperature or 
slightly above under the catalytic influence of iron carbonyl hydride. 

Fc(CO), -f IbO Fc(CO)aL -{- CO, 

FelCOjI. -i- CO Fe(CO)5 -f H, 

CO + ILO > CO> -f- H, 


However, no study was made to find bases which would peimit accom- 
plishment of this Avater-gas process catalytically. 

A second way to produce metal carbonyl hydrides Avhich makes these 
interesting chemicals easily accessible on an industrial scale is as follows. 
Nickel carbonyl can easily be made by treating solutions of nickel salts Avith 
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carbon monoxide under pressure and at elevated temperatures, as was done 
in the recovery of nickel carbonyl in stoichiometric synthesis of acrylic 
esters (see page 254). If this reaction is attempted with iron and cobalt 
salts, the carbonyl hydrides are produced (for instance, iron carbonyl 
hydride from divalent iron salts, such as Mohr’s salt in aqueous ammonia). 
However, by further action of carbon monoxide upon iron carbonyl hy- 
dride, it is transformed quantitatively into iron pentacarbonyl and hydro- 
gen. By use of only the calculated amount of carbon monoxide, it is 
possible to check the reaction at the iron carbonyl hydride state. On 
the other hand, if cobalt is used (solution of cobaltous chloride in aciueous 
ammonia), the reaction with carbon monoxide stops at cobalt carbonyl 
hydride, which in contrast to iron carbonyl hydride is stable to carbon mon- 
oxide. Pure carbonyl hydrides can be liberated from their salts by acids 
such as phosphoric acid, as is known. 

2 C 0 CI 2 + 12 NHa 2 Co(NH 3 ) 6 Cl 2 

2 [Co(NH3)6]Cl2 + 11 CO -f- 6 H 2 O 2 Co(CO) 4 H -f 4 NII 4 CI + 3 (NH4)2C03 + 2 NH 3 

This also gives a convenient way of producing cobalt carbonyl because 
cobalt carbonyl hydrides can be converted quantitatively to cobalt car- 
bonyl and hydrogen under suitable conditions. 

Reppe was now able to test the physical and chemical properties of these 
interesting substances. This knowledge was of great importance for carry- 
ing on his work. Cobalt carbonyl hydride is perfectly stable and easy to 
handle under certain conditions (pure chemical at low temperature; if 
diluted, also at higher temperatures). Cobalt carbonyl hydride can be 
heated for a considerable time at 200°C without dec.omposition if the solu- 
tion is alkaline. Iron carbonyl hydride behaves differently and can be 
obtained in pure form only if special precautions are observed. Its alka- 
line solution hydrolyzes at lOO'^C in a very short time. Cobalt carbonyl 
hydride can be determined by titration with sodium hydroxide solution 
and methyl orange as indicator, just as a strong inorganic acid. The tran- 
sition point is equally pronounced if the neutral point is approached from 
either side. Titration curves for cobalt and iron carbonyl hydrides are 
shown in Figures VI-1 and VI-2. The acidimetric analyses check very 
well the figures which were obtained by titration with methylene blue. 
In the titration of cobalt carbonyl hydride with methylene blue, it was 
noted that the reduction can be determined in acid solution only in contrast 
to iron carbonyl hydride, which can be readily titrated with methylene 
blue in alkaline soli^tion. 

Reppe concluded from this behavior of metal carbonyl hydrides that co- 
balt carbonyl hydride is a very strong acid (also indicated by severe cor- 
rosion of technical equipment), while iron carbonyl hydride is a consider- 
ably weaker acid, as already indicated by its readiness to hydrolyze. 



Fku're Titration of (),5iV sodium hydroxide in aqueous acetone with (1) 

cobalt carbonyl hydride, (2) hydrochloric acid, and (3) acetic acid. Titration tem- 
perature 0° C. Glass electrode/calumel electrode. 



Figure VI-2. Titration of 0.5A^ sodium hydroxide in aqueous methanol with (1) 
hydrochloric acid, (2) acetic acid, and (3) iron carbonyl hydride. Titration tem- 
perature — 10° C. Glass electrode/calomel electrode. 
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The behavior of metal carbonyl hydrides towards olefins and towards 
acetylenes was then studied. Surprisingly enough, Reppe found that with 
olefins alcohols were produced, but with a(*etylenes hydroquinones were 
the main reaction product. 

Synthesis of Alcohols from Olefins, Carbon Monoxide and Water 

If cthyleiK' is reacted with an aqueous alkaline solution of iron carbonyl 
hydride (the reaction is much more compli(.*ated with cobalt carbonyl 
hydride), n-propanol is formed. Other products such as higher alcohols 
and organic acids (formic acid, propionic acid) result as well. The same 
effect was obtained if an alkaline solution of iron pentacarbonyl and ethyl- 
ene was contacted; ferrous bicairbonate was found as a by-product. Th(' 
foi*mation of /^-propanol can be formulated as follows: 

Fo(C())4H. + 2 (qi,=-CH, -f 41 IoO > 2 CH,— CHo— CHoOH 4* Fe(HCO,)o 

or 

FeCOa + H.O 4- CO, 

The rea(‘tion can be carried out with higher olefins such as propylene, 
butylene, ()(‘tylene, etc. ; straight-chain primary alcohols a?’e produced if 
the olefini(^ double bond is terminal. 

F^or example, a mixture of 20 parts of iron pentacarbonyl, 27 of trimethyl- 
aminc, 23 of water, and 32 parts of methanol was treated with a 2:1 mix- 
ture of propylene and carbon monoxide in an autoclave at 125 to 155°C 
and 180 to 200 atms pressure for 12 hours. Distillation of the reaction 
mixture gave 19 parts of ?i-butanol. The residue contained ferrous (car- 
bonate and the formic acid salt of the amine. 

If ammonia, primary or secondary amines are used instead of the ter- 
tiary amine, a smooth alkylation results, which for ethylene can be formu- 
lated as follows : 

H2C=CH2 -F 3 CO 4 - H2O 4 - NH3 II2N— CH2-CH2-CH3 + 2 CO2 

H.C^Clh 4 3 CO -f H2O 4 H2N— CH2— Cn.-CHs 

HN(CH2~CH2-CH3)2 4 2 CO2 
H2C==CIl2 4 3 C04H204HN(CH2-CH2-CH3)2 -►N(CH2-CH2-CH3)3 4 2 CO2 

For example, a mixture of 77 parts of a 50 per cent aqueous solution of 
dimethylamine and 20 parts of iron pentacarbonyl were treated with an 
ethylene-carbon monoxide mixture (ratio 2:1) in a shaking autoclave at 
120 to 125*^0 and 190 to 200 atm for 20 hours. Distillation of the reaction 
mixture gave 20 parts of n-propyl dimethylamine ; by-products were formic 
acid (combined as amine salt) and ferrous carbonate. 

This alkylation reaction may be extended to other olefins and can be 
used to prepare primary, secondary, and tertiary amines. Dialkyl or 
trialkyl amines containing different alkyl groups are stated to be formed 
by allowing a mixture of olefins to react, either simultaneously, or one 
after the other. 
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The formation of alcohols from olefins, iron carbonyl hydride and carbon 
monoxide in the presence of ammonia or primary and secondary amines 
takes place only after the alkylation of the amine has been completed. 

The fact that iron carbonyl hydride can be converted to iron pentacar- 
i>onyl and hydrogen by treatment of an alkaline solution with carbon mon- 
oxide led Reppe to try the reaction in a catalytic manner with a continuous 
carbon monoxide feed using iron carbonyl hydride as a catalyst : 

2 Fe(CO), -f- (Base) -f 2 IIoO 2 Fe(CO)4lT2 -f (Base) + 2 COo 

2 Fo(CO)JT + 2 CO ->2 Fe(CO )6 + 2 H-: 

]IoC-=C^IIo + CO + 2 H 2 CH 3 — CII 2 — CII 2 OH 

]i,,C==(Ulo + ;UX) + 2IIo0-^CH3-CH2--CIT20H + 2 CO. 

Hiis formulation does not give a true picture of the unknown intermedi- 
at(\s of iron carbonyl wliich decompose under the reaction conditions to 
ah'ohols, (*aibon dioxide and ferrous carbonate, and which are continu- 
ously regenerat(‘(l from iron carbonyl, olefin, carbon monoxide and water 
under the influence of the base. Undesired side reactions (formation of 
iron carbonate and formate and condensations) could l>e avoided by cor- 
rect adjustment of alkalinity. 

The bases used must therefore meet the following conditions: 

(1) They must be strong enough to react with iron pentacarbonyl as 
well as to combine intermediately with the carbon dioxide formed. 

(2) At elevated temperature they must easily release carbon dioxide to 
insure continuous removal of the carbon dioxide from the reaction mixture. 

(3) They must be soluble in water and non-volatile to permit separation 
from the reaction products. 

(4) They must not undergo undesired side reactions with the reactants 
(formation of formate, alkylation). 

Reppe found that only tertiary organic bases were useful for this new 
synthesis of alcohols, and he selected those which (contained carboxyl or 
sulfo groups in order to meet the demand for solubility in w\ater and low 
volatility. The bases which are used in the Alkazid process, such as sodium 
dimethylaminoacetate, meet all the required conditions. 

Apparently, how ever, this development w^as still in the very early stages 
of research, and the authors have not been able to locate any experimental 
details in addition to those presented. It is possible that the development 
of this procedure may have been overshadowed by the concurrent develop- 
ment of the ^‘ 0 x 0 ’^ reaction (see page 280), which would appear to have 
considerable technical advantages. However, the iron carbonyl hydride- 
olefin-carbon monoxide pi'oeedure does give the straight chain primary 
alcohol exclusively, whereas the Oxo process usually produces both the 
normal alcohol and the alpha-methyl-substituted alcohol; additional 
isomers may result if rearrangement of the double bond under the catalytic^ 
influence of the catalyst occurs. 
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Hydroquinones from Acetylenes, Carbon Monoxide and Water 

Instead of the unsaturated alcohols which Reppe expected, hydro- 
quinone and its substituted derivatives were formed from the reaction of 
carbonyl hydrides with acetylene or its derivatives. The conditions of 
operation were similar to those previously used for olefins (see page 290), 
but the temperature must be considerably lower (50-70°) due to the higher 
reactivity of acetylene. Monoethanolamine was a suitable base for the 
‘'base reaction.’^ The presence of a basic agent is not absolutely required ; 
the presence of hydroxyl containing compounds such as water or al(X)hols 
is usually sufficient for the formation of carbonyl hydride. With acetylene 
the reaction runs in a simple way as follows : 


OH 


Fe(CO) 4 H 2 + 4C2H2 + 2H2O - — > 2 


+ Fc(OH)2 


I 

OH 


OH 


Fe(CO)5 + 4C2H2 + 2 HjO + (Base) -> 2 


-f- FgCOs -f" Base 


on 

Hydroquinone 


OH 


HC 

III 

HC 


H 

CH 


CH / 

II / 

0 H 


0 -f CO 


/ \ 

HC CH 

I 11 "H CO 2 

HC CH 

\ / 

C 


OH 

2 HC=CH + SCO + H2O CeHeOa -f CO2 

These reactions require only sufficient pressure to avoid contact with atmos- 
pheric oxygen. 

After separating the reaction mixture from precipitated iron compoimds 
and from surplus iron carbonyl, hydroquinone was identified as the reaction 
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product. The yield of hydroquinone is at present only 20 to 30 per cent 
of theoretical (calculated for applied carbonyl hydride). 

Naturally, the course of the reaction is not as simple as it looks in the 
formulas above. A number of well-defined iron carbonyl hydride or iron 
pentacarbonyl (complexes with acetylene are formed as intermediates. It 
is certain that the metal carbonyl hydrides are active intermediates ; this 
was proved by experiments with pure cobalt carbonyl hydride, which 
reacted with acetylene in caustic solution and gave hydroquinone. 

It is remarkable that hydroquinone is also formed from acetylene and 
iron carbonyl in the presence of alcohol and in the absence of caustics. 
A part of the starting material is, however, converted to acrylic esters in 
this case. 

The reaction was also extended to substituted acetylenes ; methyl acety- 
lene gave 2,5-dimethylhydroquinone; dimethylacetylene, tetramethyl 
hydroquinone; phenylacetylene, 2,5-diphenylhydroquinone. 

Other acetylene derivatives are also capable of undergoing the reaction. 
From 1 ,4-dimethoxybutyne-2, 2,3,4, 5-tetramethylol hydroquinone tetra- 
methyl ether (m.p. 88°C) was obtained. 

2CH30CH2C=C~-CIl20CH3 + 2CO + H^O > 

OH 

HjC— 0 — H2C i CHa— Q—CHs 



H3C— 0— H2C I CH2— o-cir, 

OH 

From 1-dimethylaminopropyne was prepared 2, 5-bis- (dimethyl amino- 
methyl) hydroquinone (m.p. 187°C) of the formula: 

H3C 



The possible reactions of carbon monoxide with acetylene are far from 
exhausted. The reaction between carbon monoxide and acetylene can 
also run in an entirely different way. Under certain conditions, Reppe 
observed the formation of dimeric cyclopentadienone, and of hydrindone 
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which can be formulated as the reaction of one mole of carbon monoxide 
with 2 or 4 moles of acetylene as follows: 


HC CH 

I III 

HC CH 
C 


O 
H 

C H 


HC 

HC 


\ 

C CH 


C ^ CH 


C C 

H i| 

0 


rHC- 

II 

HC 


\ 


11 C 

I 

HC 


/ 


-CH-^. 

il 

CH 


C 

ii 

o 

H 


C 

H 


C CH,> 

C CHo 

c: 

II 

o 


Aldehydes and ketones react with acetylene in the presence oi metal cai- 
bonyls and acid, but the course of this reac^tion has not been cleared up yet. 
At present, no final conclusions can be drawn about the m(‘chanism of 
these reactions. 

It seems possible that the metal carbonyl hydrides are the real trans- 
ferring agents for carbon monoxide in all these addition or substitution 
rea tions. It is believed certain that further work in this field will not 
only bring about interesting results but will also explain many reactions 
which have already been carried out. 



Appendix to Chapter VI 

Part I 

The results obtained in the evaluation of various metallic salts as catalysts in 
the synthesis of acrylic esters from acetylene, carbon monoxide and alcohols (see 
page 255) are summarized in the table below. Following the table is a list of chemi- 
cals which had little or no catalytic activity. 


Activity of Nickel Salts as Catalysts in the Catalytic Synthesis of Acrylic Esters 


No. 

(’atalyst 

1 

1 

1 Quan- 
1 tity (g) 

Temper- 
ature CC) 

% 

Conversion 
per 100 hr 

Remarks 

7 

1 

Ni- salt of cyclohexyl- 
butyric acid 

8 


23.0 

Badly contaminatec 
with ethyl ester o 
cyclohcxy] butyric 
acid. Catalyst dc 
composed. 

55 

NiBr dried at 13()°(/ 

4.5 

180 

14.1 


56 

K2Ni.3S4 

2.6 

130 

12.3 


57 

NiFa 

2.0 

180 

16.6 


59 

Nils, baked 

6.4 

120-130 

25.6 

Including polymer 
ized matter. 

61 

K2NiiiS]o 

2.14 

130-140 

17.8 


63 

gamma -Ni 8 

1.9 

140 

17.2 


64 

gamma-NiS -f 10% hy- 
droquinone 

1.9 

ISO 

34.0 


67 

NiCh, dried at 130 

2.6 

160-170 

27.0 

Butyl ester. 

68 

10.6% NiClo on silice- 
ous extrudings 

10.0 

180 

8.4-10.1 


69 

10.6% NiCh on AUfh 

10.0 

I 180 

23.2 

Including polymer- 
ized matter. 

70/68 

Catalyst 68 steam- 
treated NiCU: con- 
version = 7.7b% 

10.0 

180 

7.75 


72/68 

Catalyst 68 steam- 
treated NiCl 2 : con- 
version = 19% 

10.0 

180 

28.9 


73/68 

Catalyst 68 steam- 
treated NiCU: con- 
version — 69% 

10.0 

180 

42.0 


74/68 

Catalyst 68 steam- 
treated NiCb: con- 
version “ 66% 

10.0 

180 

45.0 


85 

NiCh on pumice stone 

10.0 

180 

22.6 


96 

NiBr* on extrudings 
9.9% NiBrj 

10.0 

180 

13.8 
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Activity of Nickel Salts as Catalysts in the Catalytic Synthesis of 
Acrylic Esters — Continued 


No. 

Catalyst 

Quan- 
tity (g) 

Temper- 
ature ("C) 

^ . 
Conversion 

per 100 hr 

Remarks 

97 

Nil 2 on extrudings 28% 
Nils 

10.0 

180 

21.0 


98 

gamma-NiS on extrud- 
ings 

10.0 

180 

24.0 


99 

NiCh— 2 NHa on ex- 
trudings 

10.0 

180 

25.6 


100/96 

Catalyst 96 steam- 
treated NiBra: con- 
version s® 79.5% 

10.0 

180 

20.0 


102/68 

Catalyst 68 steam- 
treated : conversion 
69.8% 

10.0 

180 

41.0 


106 

10% NiBr 2 on 3 mm 
granulated clay 

10.0 

180 

88.5 

1 

107 

10% NiBi’o on 3 mm si- 
liceous extrudings, 
gelatin-coated 

10.0 

180 

i 

60.0 

Without polymer- 
ized matter. 


The following catalysts had no activity, or very slight activity: 

1 Ni salt of phthalic acid monoethyl ester 

2 Ni salt of phthalic acid monobutyl ester 

3 Ni salt of phthalic acid monocyclohexyl ester 

4 Nickel palmitate 

5 Nickel stearate 

6 Nickel oxalate 

7 Nickel phthalocyanine 

8 Nickel salt of delta-4-cholestenono-3-suIfonic acid-6 

9 Nickel rnalonate 

10 Nickel succinate 

11 Nickel adipate 

12 Nickel suberate 

13 Nickel sulfide (from elements) 

14 Ni(CN2-4 B 2 O X NHa 

15a Nickel vanadate decahydrate 
15b Nickel vanadate, anhydrous 

16 Nickel tungstate 

17 Nickel o-phosphate, baked 

18 Nickel m-phosphate 

19 Nickel pyrophosphate, baked 

20 Nickel pyridine chloride (NiCU-CsHsN) 

21 Basic nickel chromate, baked 

22 Cobalt sulfide 

23 Cobalt chloride, anhydrous (formation of acetal) 

24 Ferrous chloride 

25 Ferric chloride 

26 Cobalt thiocyanate 

27 Platinum catalyst from factory 

28 Iron sulfide 
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29 Nickel thiocyanate 

30 Cobalt acetate 

31 Cobalt formate 

32 Ferrous oxalate 

33 Ferric chloride, subl. (formation of acetal) 


34 NiClawith 10%SnCl4 

35 

H IC 

1 1 

TiCU 

36 

(( (( 

tt 

AlCh 

37 

tt It 

1 1 

LiCl 

38 

it it 

1 1 

NaCl 

39 

tt it 

1 1 

KCl 

40 

tt tt 

tt 

CUCI 2 

41 

tt tt 

tt 

CuCl 

42 

tt 

(( 

CuCl -f NH, 

44 

tt tt 

tt 

BeCb 

45 

tt tt 

tt 

MgCl2 

46 

tt tt 

tt 

CaCl2 

47 

tt it 

tt 

SrCb 

48 

tt tt 

tt 

BaCb 

49 

tt tt 

tt 

ZnCb 

50 

tt tt 

tt 

IIg2Cl2 

51 

tt tt 

tt 

IIgCl2 

52 

tt 

tt 

SnCb (formation of ether) 

53 

{< {( 

tt 

PbCb 


58 Nickel fluoride 

60 NiCls + 10% TiCla 

62 Fused product from BaO, S and NiCU 

65 beta-Nickel sulfide 

66 Nickel hydroxide 

75 Nickel chloride with copper acetylide on siliceous extrudings 

82 Nickel ferrocyanide 

83 Nickel ferricyanide 

84 NiCla on AI 2 O 3 , steam-treated 
86/87 Nickel acetate 

103 10% NiBra on silica gel 

105 Mixed sulfide from NiS + V 2 S 5 (hydrogenation catalysts) 

108 Nickel mercaptide 

109 Nickel permutite and neopermutite 
115 Nickel sulfate, anhydrous 

Part II 

Following is a list of other triphenyl phosphine complexes referred to on page 265. 


Other Complex Tertiary Phosphine Metal Carbonyl Compounds 

Ni(CO)8[(CeH,)*P] Co(CO)2[(CeH8)3P2]2 

Ni(CO)2[(C6H5)3P]2 Fe(CO)4[(C*H5)3P] 

Co(CO),[(C,H,),Ph Fe(CO)3[(C.H.)aP]j 

Instead of tertiary phosphines, the tertiary arsins and stibins such as triphenyl 
arsine or triphenyl stibine may be used, for example : 

rFe(CO).- [(C.H.),P]-1 
L (C,H,).SbJ 
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Carbonyl hydrides also gave new complexes with triphenylphosphine, but these 
could not be produced in pure form. 

The following series of complexes between triphenylphosphine and metal salts 
was apparently prepared. It is not knowm whether the catalytic activity of these 
compounds has been tested. 


Cu(I)C1[(C6H5)3P]. 
CU(II)C12[(C6H6)3P]2 
Cu(I)Br[(C6H5).P]2 
Cu(II)Br2[(C6li5)«P]2 
AgCl[(C6H5)3P] 
AgBr[(C6H,)3P] 
ZnCl2[(C6H5)3P]2 
CdBr2[(C6H5)3Pl2 
Hg(I)Cl[(C6H3)3P]2 
Mg(II)Cl2[(CGH,)3Pl-.. 
Hg(I)Br[(C6H5)3P]2 
Hg(II)Br2[(C6H5)3P]2 
A1CI.3[(C6H,)3 P]x 
( tenacious plastics) 


AlBr 3 |(C 6 H,) 3 P). 

(tenacious plastics) 

Bil3[(CfiHr,)3Pl. 

(could not be isolated.) 
Fe(II)Cl2l(C6H5)3P)2 
Fe(lIl)Cl3l(Ccn.).3P)2 
Fe(II)Br2[(CoHG)3P]2 
Fe(III)Br3[(C6H5)3Pl2 
C0Br2[(C6H5)3P]2 
N'iBr2l(CGn3)3P]L> 

(NiBr2)2[(CcH5).,P]3 
NiCl2-[(C6ll5)3Pl2 
(not crystallized, highly viscous.) 
PdCl2[(C6n6)3P]2 


The literature recognizes only Cu(I), Ag, An compounds as w'ell as Ilg, Cd, and 
Pd compounds. The following compounds are possible according to the literature: 


CdBra- [(C 6 H 5 ) 3 PJ 2 CdBr.- [(C 6 H 5 ) 3 PJ 3 CdBro- l(C 6 ll 5 ) 3 P ]2 

Cyanide Cojtipounds 
(unknown in the literature) 

ng(CN) 2 l(C 6 H 5 ) 3 Pl 2 Cu(CN) [(C 6 IIg) 3 PI 2 


No further cyanides were investigated. Ni(CN )2 does not give complex compounds 
with ieri. -phosphines. 

The complexes betw^een triphenylphosphine and metal salts are nonionic and may 


be formulated as follows: 

R 3 P Br 

\ / 

l(CeH6),P]2NiBrs Ni 

^ \ 
R,P Br 

R3P CO 

\ / 

[(C6H5)3P].Ni(CO)- Ni 

^ \ 

R5P CO 


((C,Hs),P-NiBr^l., 


Br Br R,P 

Ni Ni 

RjP Br Br 


Br R 3 P 

R,P -> Ni Br— Ni— Br 

\ /- \ 

Br R,P 


({CeH5),Pl3(NiBr,); 



Chapter VII 

Synthesis and Reactions of Acetylene Homologs 


Synthesis of Methyl Acetylene' 

Two forms of magnesium carbide are known, MgC 2 and MgsCs ; the 
former hydrolyzes with water to form acetylene, 

MgCi 4- HsO -> MgO + lICsCII 

while the latter yields almost pure methyl acetylene (propyne-1) 

MgoCa + 2 H,0 2 MgO + HCsC-CH, 

Methyl acetylene was of considerable interest to the Germans since 
carboxylation of this acetyleni(! homolog gave a new route to methacrylic 
acid or its esters^ 


HC=C— OH, + CO + H,0 CH,=C— COOH 

1 

CIb 


IIC=C— CH. + CO + ROH -> CH,==C— COOCllj 

I 

CHs 

The production of the required magnesium carbide (Mg 2 C 3 ) was appar- 
ently worked on by several laboratories. The earliest work appears to 
have been done in the inorganic laboratory at Leverkusen by Dr. Kerasnik. 
In this work various hydrocarbon gases were passed over magnesium 
powder; at temperatures below 700°C, MgC 2 was formed. At 700 ±25°, 
Mg 2 C 3 was formed; this gave methylacetylene of 99 per cent purity upon 
hydrolysis. This reaction, it was stated, was consistent with the work 
of Novak.* It was found that ethylene was the most satisfactory hydro- 
carbon gas; methane, propane, butane, pentane, etc., also reacted simi- 
larly, whereas benzene, hexahydrobenzene, and hexahydronaphthalene 
failed to react, and acetylene decomposed. The temperature of the reac- 
tion had to be controlled very accurately as the reaction was exothermic. 
Attempts to operate on a kilogram scale in an agitated vessel gave very 
poor yields owing to poor temperature control. Kerasnik failed to ob- 

I PR 63780 {FIAT 1019). 

» PB 68447 {FIAT 933). 

» Z. phys. Chem., 78: 513 (1910). 
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tain a magnesium carbide by reaction of calcium carbide with magnesium 
chloride. 

Preliminary experiments indicated that a heated mixture of coal powder 
and magnesium powder gave approximately 60 per cent of MgC 2 and 40 
per cent of MgoCs, but temperature data and details are lacking. 

At Griesheim, Kraus studied the formation of a number of carbides by 
double decomposition with calcium carbide. The work was successful 
only in the case of magnesium carbide. 

The reaction between magnesium chloride and calcium carbide forms 
carbides, but is inefficient and results in poor yields owing to inability to 
secure good physical contact between the reactants in the solid state. 
This is corrected by forming a eutectic, melting below the reaction tem- 
perature, of magnesium chloride with salts such as potassium chloride or 
sodium chloride. A mixture of 56 per cent of sodium chloride and 44 per 
cent of magnesium chloride melts at 435°C, and is recommended for the 
reaction medium. Powdered calcium carbide is added to the fused eutectic 
which is maintained at constant temperature in an agitated metal vessel. 
Such a fusion mixture reacts with calcium carbide to form MgC 2 and 
Mg 2 C 3 at different temperature levels: 

500 to 600°C MgCb + CaC 2 -> MgCz + CaCU 

600 to 700°C 2 MgCIs -f 2 CaCs Mg 2 C 3 + 2 CaCb 4- C 

over 700°C MgCb -f CaC 2 Mg -f 2 C -f CaCb 

For the production of Mg 2 C 3 , the eutectic should be held at 650°C. Yields 
have not been stated. 

Hydrolysis was accomplished in the usual manner in a gas generator 
equipped to drop water at a controlled rate on the 2-mesh or finer carbide 
mixture. The product gas was dried with calcium chloride and condensed 
with liquid air. The condensate was refluxed under a liquid-air dephleg- 
mator to remove acetylene, and finally distilled into cylinders. No record 
was available of the temperatures observed during this distillation opera- 
tion, nor the quality of the product. Apparently, sufficient methyl acetyl- 
ene was prepared by this method to supply Ludwigshafen’s experimental 
needs, but no records of commercial manufacture at Griesheim could be 
found. 

Work on the production of Mg 2 C 3 was apparently stopped; this may 
have been due to the unfavorable economics of the above-disclosed process, 
to the pressure of other work during the war period, or to the possibility 
of obtaining methyl acetylene as a by-product from arc acetylene manu- 
facture at Huls. 

Acetylene Homologs and Diacetylene from Arc Acetylene 

Introduction. With the introduction at Huls in 1940 of the large-scale 
production of acetylene by the electric arc process,* it became necessary 

* See page Z for a brief description of the arc process. 
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for the first time to remove as impurities in the acetylene gas significant 
quantities of metliyl, ethyl, phenyl, and vinyl acetylenes, and diacetylene. 
The pilot plants at Baton Rouge and at Leuna, which provided the experi- 
mental background for the installation at Huls, were operated so that the 
dilute acetylene from the arc was worked up in a single pass through the 
appropriate reactor. The residual gases were vented, or utilized for heat- 
ing, or operation of gas motors. However, when acetaldehyde production 
from the (concentrated arc acetylene by the customary Kjiapsack process 
was undertaken at Huls, all impurities and by-products became enriched 
in this continuous process; diacctylene was particularly troublesome be- 
(aiuse it inactivated the contact acid. The separation of pure acetylene 
from the arc gas thus became necessary for the first time. Many setbacks 
were apparently experienced by the Germans in overcoming the difficulties 
in the purification of the arc acetylene. 

Preliminary Gas Purification. The crude arc gas containing approxi- 
mately 16 per cent of acetylene is qimnched to 150°C and sent to two cy- 
clones in series in which 60 to 70 per cent of the total carbon black is 
knocked down. The gas is sprayed with water in a wash tower, and the 
residual carbon black is separated by bag filters which are heated to pre- 
vent c(m den sat ion. Most of the water in the gas is removed by spray 
cooling to 20 to 25°C. Naphthalene, other aromatics and traces of high- 
boiling highl}^ unsaturated hydrocarbons are removed by a low-pressure, 
counter-current oil scu’ubbing unit. Hydrogen cyanide is removed by 
water scrubbing, and finally hydrogen sulfide is removed by passing through 
iron oxide boxes. 

This partially purified gas now goes to a pressure scrubber in which the 
gas is ccanpressed to about 18 to 19 atm and is dissolved in water in a per- 
forated plate column. The insoluble gas consisting primarily of methane, 
ethane, ethylene and hydrogen is withdrawn to a Linde plant where ethyl- 
ene and hydrogen are separated, and the paraffins recycled to the arc. The 
acetylene is degassed fiom the water and is now about 95 to 98 per cent 
pure. Normally, it is free from the customary impurities present in carbide 
acetylene ; however, if the gas feed to the arc contains much hydrogen sul- 
fide, then organic sulfur compounds, mainly carbon oxysulfide, which have 
a deleterious influence on the acetaldehyde process may be present. On 
the other hand, derivatives of acetylene are invariably present which, while 
chemically similar to acetylene, act as contact poisons in the acetaldehyde 
synthesis. 

Composition of the 95 to 98 Per Cent Acetylene. The separation and 
characterization of the multiple components present in the 95 percent arc 
acetylene after preliminary purification necessitated the development of 
completely new methods, although sufficiently sensitive detections were 
possible by ultraviolet absorption spectra measurements. The impurities 

^ PB 878, PB 879, PB 81826 (FIAT 929). 
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detected up to now, their concentration and physical properties are shown 
in Table VIM. 

Removal of Acetylenic Homologs. Oil Scnibbiru/. In the first yvuvti of 
operation, these acetylenic derivatives, particularly diacetylene, were re- 
moved by oil scrubbing. However, the acetylene was still not pure 
enough for acetaldehyde synthesis but had to be aftertreated with concen- 
trated sulfuric acid. Apparently, the sulfuric acid treatment removes by 
polymerization most of the Cq acetylenes (in part of unknown structure). 
Purification with sulfuric acid without previous oil scrubbing is impossible 
because of tremendous acid consumption, and high heats of reaction. 

This method of removing diacetylene gave considerable trouble because 
of the difficulty of removing the diacetylene from the oil. Degassing by 
heating, or by rediufing the pressure had to be abandoned because of the 
st rong tendency of the diacetylene to polymerize and plug up the appara- 
tus. The best method was to blow out the dissolved diacetylene at ordi- 


Tat)le VII-1. Impurities in Arc Acetyione 



B.P. 

M.P. 

Vapor 
Pressure 
(at “SO^C in 

Alplia (at 25“ 
in oil) 

Cone. 

(g/ra'4 


i 


mm Hg) 



Methyl ticetyloiio — 

.... - 27.5 

- 104.7 

40 

15 

20 

Ethyl acetylene. . . . 

+ 8.5 

-137 

1 

55 

10 

Vinyl acetylene. ... 

... ! + 5.8 i 

— 

1 i 

47 

30 

Diacetylene 

....! + 9.5 1 

-36 

1.3 i 

82 

70 

Methyl diacetylene , . 

... 1 +55 ! 

<-80 

0.5 

1000 1 

( 2 ) 

Ethyl diacetylene — 

: +87 i 

<-80 I 

< 0.1 

2000 

(5) 

Benzol 

...I +80 i 

4 - 5.5 ' 

0.03 j 

2000 1 

30-50 

Phenyl acetylene. . . . 

....j + 14.3 1 

-46 ' 

< 0.01 

__ 

1.5 


nary tempt^ratures with the recycle hydr()carl)ons from the Linde plant and 
to return the diacetylene to the arc. 

Furthermore, the methyl acetylene which was not removed either in the 
oil scrubbing or sulfuric acid wash likewise caused trouble. Originally, 
it was thought that the methyl acetylene could be recovered from the 
acetaldehyde plant as its hydration product, acetone. This separation, 
however, ran into difficulty because the small amount of diacetylene which 
was not removed was hydrated to acetylacetylene (l-butyne-3-one) and 
was obtained along with the acetone. Rapid polymerization of the acetyl 
acetylene often blocked up the side-stream column. 

Low-Temperature Cooling Process. The low-temperature cooling appa- 
ratus which operates at — 80°C removes almost completely all impurities 
in the acetylene except methyl acetylene. Warm, crude acetylene is di- 
luted with cold acetylene in a counter-flow unit and cooled to about 0*^0, 
and predried in a second unit. In the next stage, the gas is cooled to 
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“35°C and then passes to the low-temperature cooler which it leaves at a 
temperature of nearly --80°C. The impurities separate out in the various 
stages according to their melting and boiling points. 

The operation of the separate cooling stages must be caiTied out in sucli 
manner that a gas phase with more than 12 per cent diacetylene content 
does not form at any point. Acetylene-diacetylene mixtures containing 
more than 12 per cent diacetylene at atmospheric pressure may be decom- 
posed by any spark or shock whatever, for example, even by a small piec(' 
of polymerizate falling down. Operation of the unit I'equires tiained and 
(‘ircumspect personnel. 

As (compared to the scrul)bing process whicdi is foolproof and safe to 
operate, the low-temperature cooling process has the advantage that it- 
furnishes higher purity acetylene (98 per cent as against 95 per cent), and 
more important, it provides a means of obtaining the higher acetyleiu^s in 
concentrated form. Both processes normally yield an acetylene ^vith a 
(liac(itylene content of approximately 1 g/m^. Acetylene from either proc- 
(\ss appears to work as well in the acetaldehyde process as does the most 
highly purified carbide a(5etylene, but yields, of course, an acetaldehyde 
containing approximately 0.01 per cent diacetylene. The latter, even in 
[)(u*centages hardly detectable by analytical means, can lead to difficulties 
in the hydrogenation of thc^ aldol prepared from such acetaldehyde, appar- 
ently because it inactivates the active centers of the copper-chrornium- 
silica gel catal^^st. In order to avoid enrichment, a part of the acetaldehyde 
normally recycled in the aldol plant is returned to the acetaldehyde dis- 
tillation column. 

Separation of the Higher Acetylenes from the Low Temperature Cooling 
Units. From the O^C Unit. The condensate obtained at approximately 
0°C polymerized spontaneously upon standing with liberation of sparks. 
It contains, besides higher acetylenic hydrocarbons (Ce) of unknown na- 
ture, benzol, toluol, phenyl acetylene and styrene. It is believed that the 
Co acetylenes very rapidly form unstable peroxides which are responsible 
for this spontaneous polymerization. Ordinary stabilizers of the oxygen 
acceptor type as, for example, hydroquinone are ineffective here. Stabil- 
ization can be accomplished by adding benzol or by treatment with aqueous 
alkali at 90*^0, whereby the easily polymerized substances are transformed 
to a harmless brown powder. Afterwards, the Ixjnzol, styrene, and phenyl 
acetylene can be recovered. 

From the — and —80'^C Units. The separation (into pure (jom- 
ponents) of the higher acetylenes from the low temperature cooling units 
by distillation is extremely difficult since methyl acetylene boils at — 23°C, 
vinyl acetylene at +4.5°C and diacetylene at +9.5°C. Furthermore, di- 
acetylene can decompose explosively in the gas phase at temperatures over 
— 20°C. Purified diacetylene or mixtures rich in diacetylene are a source 
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of great danger when the gases are worked up on a commercial scale at 
normal temperature. The condensates which accumulate at —35 and 
— 80®C are diluted by the addition of an equal weight of methanol or 
ethanol and are thereby stabilized. 

Originally, these condensates were disposed of either by recycling to the 
arc, or by reaction with carbonyl compounds in the presence of strong 
aqueous caustic. Later, the vinyl acetylene became highly desirable for 
transformation into either chloroprene, or methyl vinyl ketone. For these 
syntheses, it must be free of diacetylene. Since diacetylene is the most 

Table VIl-2. By-Products of the Klectric Arc Process (Juno 1944) 


Basis 7600 chm/h Crude Acetylene — 7.25 t/hr. — 63000 1 1 year Purified Acetylene 

//year 

(1) L-carbon black f bOOO 

L-Carbon black N 2400 

(2) HCN 960 

(3) Polymerizato of the low pressure gas purification from the filter presses 360 

(4) Higher acetylenes from the low temperature cooling purification 

Diacetylene 4000 

Vinyl acetylene 1500 

Methyl acetylene 1000 

(5) Aromatics 

From the low -temperature purification 

benzol 300 

toluol 100 

phenylacetylene 4- styrol 100 

From the low-pressure gas purification of first runnings oil 800 


Consisting of 

20% benzol 
8% toluol 

10-16% phenylacetylene 

7% naphthalene + indene 
10% higher acetylene 
Balance : kogasin 

(6) Hydrogen sulfide from Bentheimer natural gas 600 

reactive component, two processes for its removal based on the selective 
conversion were developed. 

The simplest method for removal of diacetylene involves the addition 
of one mole of alcohol at 75°C in the presence of about one per cent of 
alkali (see page 305). Vinyl acetylene undergoes this same reaction, but 
only at a temperature of 100 to 108°C. The second process is based on 
reaction with methylol amines. Here again, diacetylene reacts at 60 to 
70°C at atmospheric pressure, whereas the vinyl acetylene does not react 
until a temperature of 100 to 105 °C is reached (see page 306), 

After removal of the diacetylene from the low temperature condensate 
by either of these methods, the residual gas consists of about 15 per cent 
methyl acetylene, 80 per cent vinyl acetylene ^d 5 per cent hydrocarbons, 
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This gas may now hydrated with an acid mercury catalyst to acetone 
and methyl vinyl ketone. 

By-Products of the Electric Arc Process. Although it is apparent from 
the des(anption of the purification process that a great number of acetylenic 
and other by-produ(*ts are available from arc acetylene, it may be some- 
what surprising to see the figures in Table ¥11-2 relating to the tonnage of 
these products formed in the c.ourse of a year’s operation. 

The potential availability of these by-products was of great interest to 
the German chemical industry. However, up until the end of 1945, their 
n'moval from the arc acetylene had been a continual source of trouble and 
danger. The separation of the individual components and subsequent 
utilization in (iiemical syntheses apparently had not been carried out on a 
plant scale. 

Chemical Reactions of Diacetylene 

Reactions with Alcohols and Mercaptans. Diacetylene adds one mole 
of an alcohol at 75 °C in the presen(*e of about I per cent of sodium or po- 
tassium hydroxide/^ : 

llOH + HC=G— C=OH KO('H=CHC=CH 

Apparently, addition takes place as formulated to produce alpha-alkoxy- 
vinyl acetylenes, since on reduction n-butyl alkyl ethers are prodiu^ed. 

Vinyl acetylene will, of course, undergo the same type reaction but only 
at lOO to loiW: 

non + H2C=CHC=CII R0CH2CH==C=CH2 - > ROCIi2C=C- Cdb 

As pn^viously indicated, this difference in temperature at which reaction 
with alcohols occurs is the basis of one method of removing diacetylene 
from vinyl acetylene. 

Methoxyvinyl acetylene cannot be prepared by this pro(*e(lure without 
pressure, since the reflux temperature is below the 75°C minimum required. 
However, by diluting the methanol with approximately twice the quantity 
of dioxane, a temperature of 75°C can be reached, and the methoxyvinyl 
acetylene is thus obtained. 

The alkoxy vinyl acetylenes, ROCH=CHC=(yH, prepared to date and 
their boiling points are shown below : 


Alkyl Group R 

B.P. 

Pressure (mm) 

cib 

‘ 116-120 

760 

C2H5 

136-137 

760 

C4H9 

176-178 

760 

HOCH2CH2 

80-90 

2 

CHaOCIbCHa 

183-186 

760 


* D.R.Pat. 601,822) Fr. Pat. 765,741; I. G. Farbenindustrie patent proposal O.Z.- 
1,9S5) D.R.Pat. Anmeldung I -4, ^02. 

« U.S.Pat. 2,108,726) J. Am. Chem. Soc., 56, 1169 (1934). 
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The alkoxyvinyl acetylenes are vinyl ethers and, as such, are easily hy- 
drolyzed to the corresponding alcohol and the acetylenic aldehyde, ethinyl 
acetaldehyde, which is unstable : 

ROCIT==CHC^CH ROll + OOHCH,C=CH 

However, if the alkoxyvinyl acetylene is condensed with a carbonyl com- 
pound in the presence of an alkali, unsaturated hydroxy ethers are formed. 
On hydrolysis, a stable acetylenic hydroxy aldehyde results’^: 




IC 


ROCH=CnC=CH -f C==0 

/ 

w 


OH- 


R0cii=cnc=c— c 


\ 


R2 


OH 


1I20 


IC 


ROlI -f CllOClhC^C— C 

\ 

R2 

Oil 

At higher tempe^ratures and increased alkali concentrations, the alkoxy- 
vinyl acetylenes add a mole of alcohol yielding butynol acetals which may, 
under more drastic conditions, add a second mole of ak^ohol to the triple 
bond to give beta-alkoxycrotonaldehyde acetalsl 

UOCH=CHC=CH + ROM ->• (RO).CHC=C— CH, 

(RO),CHCH=C— CHs 

I 

OR 

Mercaptans apparently react very similarly with diacetylene, leading to 
a series of compounds analogous to those described above. 

Reactions with Methylolamines. Diacetylene reacts readily at 60 to 
7()°C at atmospheric pressure with methylolamines with elimination of 
water and formation of unilaterally- or bilaterally-substituted products®: 

R2NCH.OH + HC=C— CfeCH R 2 NCH 2 C=C— C=CH 

R2NCH2CSC— C=C— CH2NR2 

^ I. G. Farbenindustrie patent proposal O.Z.-lS,896; D.R.Pat. Anmeldung J- 
74,019 IVd/12o. 

® I.G. Farbenindustrie patent proposal 0,Z.-1S,686; D.R.Pat. Anmeldung J -71^^881 
IVd,12o. 

® 1. G. Farbenindustrie patent proposal O.Z,-13,430; D.R.Pat. Anmeldung J- 
73,303 IVd/120o. 
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Vinyl acjetylene reacts only when the temperature is raised to 100 to 105°C, 
and this difference in reaction temperature has been utilized in the pre- 
viously described process for the removal of diacetylene from vinyl acet- 
ylene. 

The monoamino diacetylene product could be condensed with cai’bonyl 
(‘ompounds in the presenc^e of alkali and the resultant hydroxyamino di- 
a(*etylene derivative reduced to branched-chain amino alcohols^^: 

K, IV 


K,NCH>C=(^--(^=CH 4- 0==C -> R,K(Ti,C^^C (^^C- 


lU 


IV 


OH 




H.NCILCH.CH.CH.CHo— (’ 


R2 


OH 


Reactions with Dialkylamines. Diacetylene reacts with dialkylamines 
at 45 to o0°C in the presence of copper or silver salts (acetylides) to produce 
aminovinyl acetylenes 


RoNH + IIC=C— C=CH 


Cu o r 
Ag 


1I,C=C— C=CH 


mu 


which by further reaction with carbonyl compounds and reduction yielded 
amino alcohols: 


Ri 


H2C=C— C=CH -f 0=C 


NR. 


\ 


H2C=C- c=c— c 




Ri 




R2 


NR. 


\V 


OH 


IV 


CfRCHCPI.CIT— C 


NR2 


IV 


OH 


1. G. Farbenindustrie patent proposal O.Z.-lS^217; D.R.Pat. Anmeldung 
77405 IVd/12o. 
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Reactions with Carbonyl Compounds. Diacetylene may be converted 
to hexadiynediol by reaction with formaldehyde at 95°C in the presence of 
a silver catalyst (silver ac^etylide or silver salt of diacetylene IteducdJon 
over Raney nickel gave hexanediol-1 Oxidation of the hexanediol- 
1,6 gave adipic acid in 80 per cent or better yield^**’ : 

2CILO + nc=c— C=CH ^ HOCH.,C=C“-C=C— CH,OH 

i 

HOCH..(CII.)4Cn..OII HOC— (0IL)4CH)II 

II II 

o o 

However, diac'ctylene could not be made to reaO with other carbonyl com- 
pounds by this technique. 

At a later date, it was found that diacetykme w ould react with formal- 
dehyde in the presence of potassium h^ydroxide as a catalyst in a solvent 
such as eth(U’ or tetrahydrofuran. Further development led to the con- 
densation of diacetylene with carbonyl (‘ompounds in the preserua^ of 30 to 
50 per cent of aque^ous potassium hydroxide. Vinyl acetylene, if present, 
reacts simultaneously, but> acetylene does not under these conditions. 
Apparently, ecpailibriurn is reached at. atmospheric pressure when 90 per 
cent of the diacetylene is reacted, so that this method (ainnot be used to 
remove diacetylene from acetylene (*.ompl(^tely. 

The separation of the vinyl acetylenic alcohols from the I , (i-diacetylene 
glycols w'as not difficult, and as a result, the substituted secondary 1 ,6-di- 
acetylenic glycols w-ere easily and cheaply available by this process : 
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\ 

C=0 4- H.C=Cir C=CH 
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IV 


R 

\ 

c==0 -f HC=C— C=CH 
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IV 
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C— C=C— C=C— C 


IV 
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Ri 


OH HO 


\ 

C C^C— CH=CH.> 
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[ 

OH 


H2 
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R 


\ 

C— (CH2)4C 

/I I 
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Ri 


JV 


OH HO 


Hydrogenation of the 1 ,6-diace tylenic glycols gave the saturated 1 ,6-gly- 
cols which were of interest in polyurethane syntheses. 

D.R.Pat. Anmeldung J -72, 678 IVd/12o. 

D.R.Pat. Anmeldung J -72, 176 IVd/12o. 

D.R.Pat, Anmeldung J-72,458 IVd/12o. 
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The rate of reaction of both vinyl acetylene and diacetylene with car- 
bonyl compounds is so rapid that even aldehydes can be used in the pres- 
ence of the strongly alkaline catalyst with the formation of less than 2 per 
cent of aldols. 

As indicated earlier in discussing removal of acetylenic homologs from 
arc acetykme, the condensate from the low-t('mperatur(^ cooling unit was 
disposed of by reaction with carbonyl compounds. This is apparently the 
only development in the diacetylene field which has yet attained pilot- 
plant scale operation. 

Vinyl Acetylene'^ 

In addition to the vinyl acetylene available from the arc procc^ss, a small 
pilot plant (2 tons/month) for its synthesis from the dimerization of acety- 
lene was operated. The process used appeannl to 1 k‘ very similar to the 
well-known process originally used by Nieuwland and latei* exploited by 
DuPont in their manufacture of 2-(dilorobutadiene and its polymers : 

2HC=CH - - Iic;sc — GII=CHo 

Th(^ reactor consists of an unpac.ked mild steel tube of 4()-foot height, 
water-jacketed for most of its length. The tube at the start of a run is 
half-filled with a catalyst solution containing 600 pounds of cuprous chlo- 
ride, 10 pounds of copper powder, 480 pounds of ammonium chloride, 15 
pounds of 30 per cent hydrochloric acid and 830 pounds of water. The 
liquid level is maintained by adding 0.1 to 0.2 per cent of hydro(}hlori(r 
acid. The acidity of the catalyst is maintained as near as possible to 0.5 
per cent hydrochloric acid. Lower acidities result in low rates of reaction, 
while higher acidities favor the formation of 2-chlorobutadiene. 

The temperature is maintained at OO'^C, a higher temperature promoting 
acetaldehyde formation. Acetylene is introduced at the bottom of the 
tower at a rate of 35 to 40 volumes per hour per volume of catalyst solu- 
tion. Conversion is only about 10 to 12 per cent per pass. The gases 
leaving the reactor pass to a series of coolers to knock down the condens- 
able prcKlucts while the uncondensed gases are recycled to the base of the 
reactor. 

The liquid condensate passes to a still which separates the vinyl acetylene 
from the divinyl acetylene and other higher-boiling impurities. The vinyl 
acetylene contains about one per cent of acetaldehyde which is removed by 
washing with a 20 per cent solution of sodium bisulfite. 

Pressures throughout the reactor and purification system are atmos- 
pheric, pressures above atmospheric leading to detonation of the vinyl 
acetylene if ignition should occur. The yield of vinyl acetylene is 80 per 
cent based on the acetylene fed ; 15 per cent of divinyl acetylene is formed, 
while 5 per cent of the acetylene is lost as vent gas, acetaldehyde, cuprene, 
etc. The life of a catalyst charge is about five months. 


PB 49198 (BIOS 751). 



Chapter VIII 

Explosive Decompositions of Acetylene — Technique 
and Equipment for Handling Acetylene 
Under Pressure 

Decomposition of Acetylene 

Introduction 

Thermodynamically,^ acetylene is unstable with respect to its elements 
at room temperature and when decomposed to its elements at 18°C liberates 
53,500 calories per gram mole. The pressure rise accompanying this de- 
composition is due primarily to an increase in temperature since the de- 
composition products are mainly carbon and hydrogen. Assuming no heat 
loss, the temperature should increase from 18 to around 3100°C, with an 
accompanying increase in pressure of some twelvefold. This calculated 
value for the pressure increase is in good agreement with experimental 
results obtained for the thermal decomposition of acetylene ; however, the 
decomposition in many cases has been observed to proceed so rapidly that 
the result is a detonation with instantaneous pressures up to 200 times the 
initial pressure or 20 times the calculated pressure. 

It has long been known that acetylene may decompose violently at cer- 
tain concentrations, temperatures and pressures. Enthusiasm for the use 
of acetylene commercially has been dampened considerably owing to its 
unstable nature ; in fact, in several countries legislation prohibiting the use 
of acetylene under pressure has been enacted. Thus, in Germany the 
official maximum pressure for acetylene was set at 1.5 atm gauge, at least 
up until the early war years, while England changed the limiting-pressure 
specifications from 0.75 atm gauge to 1.5 atm gauge only shortly before the 
war.^ Obviously, such legislation should have prevented Reppe^s original 
work on reactions of acetylene under pressure; however, he apparently 
ignored the legal restrictions and did not disclose the nature of his acetylene 
work to the Reichswirtschafts Ministerium until such time as the safe 
application of acetylene under pressure had been demonstrated by actual 
plant operations. 

As Reppe’s work with acetylene under pressure developed, particularly 
in the ethinylation reaction leading to his synthesis of butadiene, it became 
evident that exhaustive studies of the decomposition of acetylene should 

i/nd. Eng, Chem,, 40: 1177 (1948). 

2PJ5 91664 {BIOS 1162). 
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be made if the projected large-scale plants employing acetylene pressures 
of 5 atmospheres or higher were to operate safely. 

Rimarski,’* president of the Chemische Technische Reichanstalt (C.T.R.) 
at Berlin, as early as 1925 had contributed to the large amount of informa- 
tion availalde relative to the explosive characteristics of acetylene; based 
on this work, the C.T.R, had set the official maximum pressure for acetylene 
at 1.5 atm gauge. Boesler and Weissweiler of the I. G. Farbenindustrie 
have since carried out an intensive investigation of the explosive character- 
istics of acetylene ; most of this work has not been published and has re- 
mained as reports in the I. G. files. It was hoped that these studies would 
supply information concerning the nature of the pressure impacts resulting 
from decomposition of acetylene and the velocity of the explosion waves, 
which would ultimately lead to methods of preventing the decomposition, 
or at least of preventing it from becoming a detonation. 

Decomposition of Acetylene by Initial Ignition 

Boesler'^ conducted experiments to determine the decomposition pressure 
of pure acetylene as a function of (1 ) vessel diameter, (2) moisture con- 
tent, (3) temperature, and (4) the composition of the igniting wire; he also 
determined the decomposition pressure of acetylene gas mixtures as a func- 
tion of the gas added, viz., nitrogen, hydrogen, methane, ethylene, etc., 
and as a function of temperature. 

Apparatus. The experiments were carried out in a bomb (Figure VIII-1 ) 
of a diameter and height of 270 mm. In order to determine the effect of 
different vessel diameters on the resulting decomposition pressure, cylindri- 
cal liners (A) of 100-, 150-, and 200-mm diameter were used; also for pre- 
liminary experiments a smaller bomb having a diameter of only 50 mm was 
used. The gas inlet and outlet were located in the cover as was the igniting 
apparatus (B). In the bottom were openings (C) for a sight glass for 
observation of the igniting process, and two openings for a thermocouple 
(D) and the electric leads (E) of the electric heater (F). This heater con- 
sisted of resistance wire wrapped around an insulator and covered on the 
inner side with asbestos to eliminate the effect of radiation on the thermo- 
couple. Manometers were provided in the inlet and outlet gas lines for 
determination of the pressure in the bomb. These manometers were always 
calibrated after the completion of a series of experiments. 

All gases were dried by passing through cal(4um chloride towers in the 
gas supply line. In preliminary experiments in which this procedure was 
not followed, especially with a mixture of hydrogen, an appreciable scatter- 
ing of data occurred. 

^ Autogene Meiallbearheitung, 18 : 311 (1925). 

^ From a report by Boesler, 1930. A complete translation of this report also 
appears in PB 20078 (FIAT 720) by N. A. Copeland and M. A. Youker. 
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In the case where acetylene saturated with water vapor was being in- 
vestigated, the gas passed through towers containing water instead of cal- 
cium chloride. In order to make certain that saturation had been reached, 
a certain amount of water was sprayed into the bomb, and the gas was 
allowed to stand for some time before ignition. 



Figurk VIII-]. Bomb for laboratory experiments on acetylene decomposition. 

Experimental Procedure. After being well swept with 99 per cent acet- 
ylene taken from a cylinder, the bomb was filled with gas to a pressure 
approximating the decomposition pressure expected and the ignition 
brought about by fusion of a metal wire. If decomposition did not occur, 
the pressure would be raised 0.1 to 0.2 ata* for another trial at the same 
temperature until decomposition took place. In order to ascertain the 
point accurately, two additional experiments were always carried out at a 
slightly higher and lower pressure. 

The decomposition pressure was measured by manometers. It would 
have been very interesting to have measured the actual pressure rise during 

*ata equals 1 kg/cm* equals 0.968 atm. Unfortunately, the terms ata and atm 
are often used interchangeably. 
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decomposition, which might be done by means of an optical indicator. 
In the absentee of such equipment only relative values were observed. The 
highest pressure rea(*hed could not be determined accurately in this way, 
since in the (*omparatively long and narrow lines to the manometers a cer- 
tain amount of throttling occurs which distorts the Headings. Also, the 
manometers probably register high because of inertia. As a comparison, 
the final pressures developed was d(d.ermined by calculation from the heat 
released and the S])ecific heat of the gases. Furthermore, the nature of 
the decomposition was obscu'ved through the sight glass. This could be 
done better than had beeui expected. 

The constriKition of the igniting apparatus and the investigation of the 
influence of ignition were the subje(*t of sp(‘cial experiments. Rimarski 
originally used a platinum wire 0.15 mm in diameter, which could be 
brought to different temperature's or to fusion by proper regulation of the 
current. He also made use of a Bosedi spark plug, but this latter method 
was rejected after some experiments whiedi showed it to be unsuitable. 

Th(^ difference Ixdween an incandescent and a fusing wire already ob- 
served by Rimarski was substantiated by Boesler. It was shown that 
with a fusing win^ decomposition occurs at a lower pressure? than with an 
incande'seent. wire. For example, with pure acetylene d(?composition was 
obsc'rved at 1.40 ata with the former and at 1.00 ata with the latter. For 
this reason, a series of experiments were carried out- with diffen^nt wire 
temperatures. Of course, it is obvious that if trends are to be determined, 
a definite type of ignition must be used throughout. Also, ac(*ording to 
the (experiments performed thus far, the speed of ignition was also im- 
portant; (luick fusion of the igniting wire proved to be a reliable method 
and gave results which could always be reproduced. 

The material of the igniting wire is extremely important, and it was 
therefore especially investigated for pure acetylene. 

Dependence, of Decompodtion Pressure on Igniter Temperature {Com- 
position of the Igniting Wire), Sufficient electrical energy was used on the 
wires of various materials (molybdenum, platinum, iron, copper, alumi- 
num and l(?ad) to cause instantaneous fusion. With the exception of the 
lead wire, which had a diameter of 1 mm, only wims of 0.5-mm diameters 
were used. 

For the different materials the following decomposition pressures were 
obtained for pure, dry acetylene : 

Decomposition 

Melting Point Pressure 


(”C) (ata) 

Mo 2550 1.40 

Pt 1760 1.40 

Fe 1530 1.71 

Cu 1080 1.84 

A1 660 2.65 

Pb 330 7.50 
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The results are shown graphically in Figure VIII-2. Particularly note- 
worthy is the sharp rise of decomposition pressure in the low-temperature 
region. 

Although the melting points of the materials cannot be regarded as a 
direct measure of ignition temperature, one sees a definite relationship 



Figure VIII-2. Decomposition of pure dry acetylene. 
Eff(‘ct of ignition temperature. 



Figure VIII-3. Limiting pressure for decomposition of wet and dry acetylene 
as a function of diameter of vessel. 

X Rimarski’s experiments with 0.15-mm Pt wire igniter 

-.-.A.-,- Boesler’s experiments with 0.5 mm Pt wire igniter 
- - O -- Boesler’s experiments with acetylene saturated with water 

between the melting points of the material and the decomposition pressure. 
It can be assumed from this, that to bring about decomposition, certain 
energy is necessary. Since this energy is small with a lead wire, the corre- 
sponding decomposition pressure is very high and for platinum and molyb- 
denum, is very low. 
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In order to carry out all other experiments under constant conditions, 
the following variables were held fixed: 

(1) The igniting apparatus was always in the cover of the vessel. 

(2) The igniting wire was of platinum of ().5-mm diameter. 

(3) The wire length was 10 mm. 

(4) The igniting current was su(^h as to cause an instantaneous fusion 
of the wire. 

The following experimental results are valid only for the above condi- 
tions. 

Relationship Between Limiting Decomposition Pressure arui Vessel Diam- 
eter-Magnitude of Explosion Pressure. First of all, the deciomposition 
pressure of pure, dry acetylene at various vessel diameters was determined 
at a gas temperature of 15 to 17%'. The experimental results of Rimarski 
served as a starting point for this work, although his values throughout lay 
somewhat higher than Boesler’s, as already mentioned above. This dis- 
crepancy is probably due to the unavoidable differences in igniting methods. 
The curves (Figure VHI-3) which show the decomposition pressure as a 
function of vessel diameb'r are exactly similar in the two cases. 


The following 

table shows 

values determined : 


Vessel 

Diameter 

(mm) 

Decomposition 
Pressure (ata) 
Boesler 
Experiments 

Vessel 

Diameter 

(mm) 

Decomposition 
Pressure (ata) 
Rimarski 
Experiments 

50 

1.80 

38 

2.1 to 2.3 

100 

i.m 

66 

1.80 to 1.85 

150 

1.45 



200 

1.40 



270 

1.40 

250 

1.50 to 1.55 


The three points determined by Rimarski are not suflScient to give a good 
picture of the dependence of decomposition pressure on vessel diameter. 
However, the intermediate values determined at 150- and 200-mm diam- 
eter show that the decomposition pressure approaches the value 1.40 ata 
asymptotically, and as a matter of fact, reaches this value at a diameter of 
only 200 mm. It was concluded, therefore, that the critical pressure of 
decomposition of pure, dry acetylene is independent of the diameter for 
vessels greater than 200 mm in diameter, but is a function of diameter for 
smaller vessels. The cause of the different pressures with different diam- 
eters is explained by the so-called ‘Vall effect.’^ It is probable that dis- 
sipation of heat through the wall at ignition has an influence on the progress 
of the decomposition. This theory is supported by the fact that with dilute 
acetylene no dependence of decomposition pressure on vessel diameter 
could be observed, because the dissipation of heat through the walls of the 
bomb is small comnared to the heat taken up by the gas mixture. 

The pressure rise caused by the decomposition of pure acetylene takes 
place very rapidly, and at a vessel diameter of 270 mm and an initial ace- 
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tylene pressure of 1.40 ata, the final pressure amounts to 13 ata, i.e,, ap> 
proximately 9.5 times the initial pressure. Rimarski obtained 15 ata final 
pressure with an initial pressure of 1.80 ata. From the heat of decomposi- 
tion of acetylene (53,500 cal/mole) and the specific he^at of carbon and 
hydrogen, a final temperature of would be obtained, neglecting 

heat transmitted by the v^’alls. This (corresponds to a pressure rise of 12 
times. This valiac (clu'cks satisfactorily with the measui'ed value. [With 
a bomb diameter of 50 mm, a final pressure of only 6 ata was observed in 
spite of the higher initial pressure (1.80 ata) because' of the larger rate of 
heat transfer to the walls.] 

Relaliomhip Between Decomposition Pressure and Gas Temperatures, 
The dependence of limiting decomposition pressure on tho gas temperature 
was determined for pure dry acetylene in a bomb of 270-mm diameter. 
The ignition was by means of the instantaneous fusion of a platinum wire 
of 0.5 mrn-diameter. The following table shows the results: 


Temperature 

('^C) 

Decomposition Pressure (ata) 
fioesler Observations 

15 

1.40 

100 

1.25 

150 

1.13 

ISO 

1.06 

Temperature 

(^■c) 

Decomposition Pressure (ata) 
Himarski 

15 

1.60 (1.45)* 

50 

1.48 (1.40)* 

100 

1.33 

140 

1.10 


* The values shown in parenilwses were (letermined by means of an incandescent 
wire. 

The results are shown graphically in Figure VI 1 1-4. There are some 
differences between Boesler’s values and those of Rimarski, which can 
only be explained by the fact that Rimarski used an incandescent platinum 
wire. 

Acetylene Saturated with Water. The determination of the decomposition 
pressure of acetylene saturated with water vapor lay beyond the scope of 
this investigation as originally visualized. However, individual values 
were determined in order to make a further comparison with Rimarski’s 
results. With acetylene saturated with water vapor at 15°C, a curve of 
decomposition pressure vs vessel diameter was obtained which was parallel 
to that for dry acetylene ; the decomposition pressures for moist acetylene 
are about 25 per cent higher than those for dry acetylene, as shown in 
Figure VIII-3. 

For moist acetylene, the curve of pressure vs temperature is the reverse 
of that for dry gas (Figure VIII»5). The reason for this is that with in- 
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creasing temperature the water content of the gas increases appreciably 
so that the acetylene is diluted. The same phenomenon appears here as 
was noted later in experiments with mixtures with other gases. Also, the 

18 
IS 

PRESSURE 
IN ATM 14 

12 
10 

0 50 100 ISO 200 250 

TEMPERATURE IN X 

Fiourk VIII-4. lyimiting dficotnpo.sitioii pres.sure of acetyleiii! as a function of 
temperature. 

X Rimarski’s data 

— O — l^oesler’s data 


50 


23 

PRESSURE 
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20 


13 

fO 

0 50 too 

TEMPERATURE IN X 

Figurk VIII-5. PJffect of temperature on the decomposition of acetylene satu- 
rated with water vapor. Solid line is pressure; dotted line represents percentage of 
acetylene in mixture. Curves are based on Weissw^eiler’s data which are not in 
agreement with observations made by Rimarski. 

presence of water vapor has some effect on the type of decomposition. The 
relatively high specific heat doubtless serves to hinder the progress of the 
decomposition. Boesler’s experiments do not indicate that after dissocia- 
tion of the water vapor, some sort of reaction with decomposition products 
takes place, which as reported by Rimarski causes an especially powerful 
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decomposition. Even if the measured values of the decomposition pres- 
sures had checked those of Rimarski’s, Boesler could detect only a decrease 
in the power of the explosion. This decrease became greater with increas- 
ing temperature (and consequently water content). The values observed 


are as follows : 

Temperature 

rc) 

Decomposition 
Pressure (ata) 


Boesler 

Rimarski 

15 

1.75 

__ 

50 

1.80 

1.70 

80 

2.10 

2.40 

100 

2.80 (uncertain) 

— 


Decomposition of Pure Acetylene as Effected by Pressure and Tempera- 
ture without Ignition 

Decomposition will not take place when pure acetylene, either dried or 
saturated with water vapor, is compressed to 00 ata at 18°C or to 50 ata 
at 97"C. 

Decomposition of Acetylene Mixed with Other Gases 

The determination of the dec^omposition pressures of acetylene in gas 
mixtures was the c^hief object of this work and mixtures ocuairring in in- 
dustry were used, such as acelyl(m(^ admixed with varying amounts of 
hydrogen, nitrogen, carbon monoxide, methane and ethylene. All tests 
were carried out in the 270-mm bomb. The results of these tests may be 
summarized briefly. The limiting pressure for decomposition varies with 
the amount and kind of diluent added and with the temperature. The 
addition of small percentages of diluents has a small but limited effect upon 
the decomposition pressure ; as the amount of diluent is increased and the 
partial pressure of acetylene is decreased, the limiting pressure for decom- 
position is greatly increased. Of the gases tested as diluents, methane was 
most effective and hydrogen least effective in increasing the limiting de- 
composition pressure.® The limiting pressures for decomposition of the 
various mixtures decreased as the temperature of the gas was increased. 
Figures VIII-6 and VIII-7 show the results of these tests. The areas 
below the curves represent safe operating conditions ; those above the curve 
represent unsafe ones. 

Explosive Decompositions of Acetylene in Pipes 

Although the tests described above were highly informative and in large 
part the basis on which Reppe operated in his early work, the investigation 

® The U. 8. Bureau of Mines has also investigated the effect of dilutents upon the 
explosibility of acetylene. The results are described in Bureau of Mines, R.I,-4196 
(Jan., 1948): “The Effect of Hydrocarbons and Other Gases upon The Explosibility 
of Acetylene’’. 
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of the decomposition of acetylene was intensified in 1940 to 1941 at 
Ludwigshafen and Griesheim. Two problems of great importance had in- 
creased the need for additional information concerning the explosive (char- 
acteristics of acetylene under pressure. One was the necessity for deter- 
mining the maximum pressure to which acetylene or acetylene mixed with 
inert gases can be compressed for long-distance transmission without danger 



Pressure of Mixtures, PS I 

Figure VIII-6. Limiting pressures (psi) for decomposition of acetylene 
nitrogen mixtures at different temperatures. 

of detonations. This was necessitated by the projected long-distance 
acetylene transmission line from Gogolin to Radwitz, a distance of 83 
kilometers. The second problem was how to prevent explosive decom- 
positions and the possibility of detonations when working with acetylene 
under several atmospheres pressure in large technical equipment, particu- 
larly in the presence of large masses of copper acetylide catalyst as required 
in the butynediol process. 
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A study was made of the decomposition of acetylene in long high-pressure 
pipes. The purpose of using pipes was to determine at what pressures 
acetylene could be pumped through piping without decomposing, as it was 
only in piping acetylene to the reactors that acetylene existed in a pure 
state and with little opportunity for dilution with other gases. It was 
found that pipes 5.5 meters long were too short to obtain data from which 
sound conclusions could be drawn. The longer pipes were required to 
obtain data on the type of wave front formed when explosion or decomposi- 
tion took place. In very long pipes there is also a charu^e that the explosion 
will turn into a detonation. For acetylene this means that the velocity of 

IN 

MIXTURE 



PRESSURE OF MIXTURE 


P IGURE VIII-7. Limiting pressure (p.si) for decomposition of mixtures of 
acetylene and other gases at 15° C. 

decomposition increases to that of detonation— that is, to 1,000 to 2,000 
meters per second. 

Dr. Rimarski of the C.T.R. believed that a 30-meter length pipe was 
sufficient to allow an explosion and decomposition wave to become a de- 
tonation wave. Experiments proved this assumption. In the first tests 
with a pipe 120 mm in diameter and 5.5 meters long, no detonations were 
observed even at 7 atm acetylene pressure; detonations occurred, how- 
ever, in the 30-meter pipes of the same diameter even at very low initial 
pressures (less than 1 atm). 

Details of the experiments are given herewith. Six 30-meter long pipes, 
having diameters of 25, 50, 100, 200, 300 and 400 mm, were buried hori- 
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zon tally in the ground and 99.2 per cent pure acetylene stored in steel 
cylinders pumped into the test pipes. An igniting device consisting of three 
parallel platinum wires 0.15 mm in diameter was fitted into the end of the 
pipes, and a current density of 15 amperes applied when ignition was de- 
sired. Pressure devices of various sorts were attached to the ends of the 
pipes. These devices consisted of expandable copper cylinders, ball pres- 
sure gauges, and piezo-electric quartz indicators. 

It was found that acetylene at a pressure of 2 atm was safe in 50-mm 
diameter pipes and that no detonation would occur. In pipes 100 mm in 
diameter or above, the explosions became a detonation at 0.4 to O.G atm 
initial pressure. In these experiments, the term “detonation’’ refers to a 
velocity of decomposition which is above 1,(XX) meters per second, causing 
explosion pressures of more than 12 times the initial pressure. These tests 
show that for practical purposes long pipes containing acetylene under 
pressure are very dangerous, particularly as the diameter of the pipe in- 
creases, and that special precautions must be provided to probict them. 

The representatives of the C.T.R. concluded that in the projected long- 
distance line which would require a pipe 430 to 450 mm in diameter for the 
desired (capacity, the pressure could not exceed 0.3 atm gauge. How^ever, 
admixed with 50 per cent nitrogen, the initial pressure could be raised to 
3.0 atm gauge. Plans for the long-distanc^e line were eventually dropped. 

Prevention of Explosive Decompositions of Acetylene 

Experiments were then carried out to investigate the possibility of pre- 
venting explosive decompositions of acetylene with particular reference to 
the conditions present in the butynediol plant. 

Experiments in 1 -Meter Pipes. The pipes (90 mm diameter, nominal 
pressure 325 atm) were arranged horizontally. Ignition was by fusion of 
a platinum wire 0.3 mm in diameter; the pressure was measured by piezo- 
quartz. Initial acetylene pressures of 4 to 9 atm at temperatures of 30, 40, 
100, 1 10 and ISO^’C were used. The gas was dry in most experiments, but 
in some it was saturated with water vapor according to the vapor pressure 
at the experimenting temperature. In other experiments aqueous solu- 
tions of formaldehyde and butynediol were used together with varying 
quantities of catalysts (copper acetylide on siliceous support), dry or wet, 
fresh and aged. The following results were obtained: 

With dry gas the maximum pressure due to decomposition was 10 to 12 
times the initial pressure and was reached 0.2 to 0.3 second after ignition. 
In the presence of dry catalysts and at a low initial temperature (30 to 
40°C), 14 times the initial pressure resulted upon ignition. Results be- 
came more favorable when wet catalysts were used; the checking effect 
of humidity (1 atm partial pressure) was evident. Final pressures now 
were only 3 to 6 times the initial pressure. (The vapor pressure of water 
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is 0.043 atm at 30'^C, 1 .46 atm at 1 10°C and 2.75 atm at 130°C.) For 6 atm 
of total pressure in butynediol reactors at 130°C, 2.75 atm are attributed 
to water and only 3.25 atm to acetylene. It is assumed that for constant 
initial pressure the partial pressure of acetylene will decrease proportionally 
to the quotient of the absolute temperature, that is, for 30 and 130°C in 
the relation 303/403, or 25 per cent. 

All experiments proved that the maximum pressure is not substantially 
increased by the presence of wet or even of dry catalyst. (The catalyst 
did not fill the whole space of the testing unit.) The time required to de- 
velop maximum pressure is somewhat decreased. These results are very 
reassuring in case acetylene decomposition should occur for any reason. 
The catalyst is comparatively harmless and cannot be compared with the 
well-known primers, such as mercury fulminate, since in decomposition of 
the catalyst its heat of formation is released but no gases are liberated. 

A few experiments were made in the 1 -meter pipe with acetylene-nitrogen 
and acetylene-carbon dioxide mixtures. It was found that a small amount 
of an inert gas had no substantial influence upon the maximum decomposi- 
tion pressure but larger amounts prevented decomposition. The following 
table gives final pressures for mixtures of nitrogen and acetylene, starting 
with 6 atm initial pressure at 25^: 

Per Cent of 
Nitrogen 

0 
10 
20 
30 

47 

48 

49 

Dilution with carbon dioxide is also beneficial because 42 per cent of 
carbon dioxide is sufficient to prevent decomposition. A mixture of 50 
per cent of acetylene and 50 per cent of carbon monoxide which could be 
ignited at 7 atm initial pressure was investigated. Rise of pressure was 
very slow, taking approximately 0.9 to 1 .3 seconds. Tests in which ethyl 
alcohol vapor was added to acetylene exhibited the same stopping effect as 
nitrogen, carbon dioxide, carbon monoxide and water. 

Experiments in S.S-Meter Pipe- All the experiments which had been 
done in the 1-meter pipe were repeated with a 5.5-meter pipe, 120 mm in 
diameter, with practically the same results. This pipe was also filled with 
50 liters of copper acetylide catalyst ; 6 atm of acetylene were pumped in, 
and the mixture ignited. Decomposition stopped 10 cm deep in the cata- 
lyst bed. The catalyst, which filled the whole tube space, had a decidedly 
checking action. One test where the catalyst was spread over the whole 
bottom of the pipe so that it filled just one-quarter of the cross-sectional 


Maximum Decomposition 
Pressure (atm) 

62 

61 

58 

53 

49 

43 

no decomposition 
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area gave 128 atm maximum decomposition pressure in 0.01 second at 6 
atm initial pressure. 

Several safety devices were tried with this 5.5-meter pipe. The aim was 
to find one whicdi would (iheck decomposition under all (arcumstances. 
Hence, severe experimental conditions were chosen: dry, pure acetylene 
under 6 atm at room temperature with the starting space of the explosion 
(that is, distance between igniting wire and safety device) 0.5, 2.5, and 5 
meters. All explosions could be stopped by filters made of sand, gravel 
and porous quartz plates. Naturally, these safety devices inlToduced a 
considerable pressure drop, whicdi is out of th(' question for the manufac- 
ture of butynediol. In the search for a more efficient safety device with 
little resistance, sponges made of metal threads were tried. For some time 
it was believed that these gave a satisfactory answer, as may be seen from 
the following table: 


(/) Starting distance of explosion wave 0.5 m 

5 sponges, 376 g each no breaking through 

5 sponges, 115 g each no breaking through 


{2) Starting distance of explosion wave 2.5 rn 

5 sponges, 334 g each no breaking through 

5 sponges, 283 g each no breaking through 


(S) Start mg distance of explosion wave 5 m 

8 sponges, 350 g each no })reaking through 

5 sponges, 350 g each })reaking through slightly 

5 sponges, 210 g each breaking through strongly 

As a result of these experiments, sponges were tried at Griesheim in a 30- 
meter pipe, 200 mm in diameter. An exceedingly dangerous property of 
the sponges was discovered; they had successfully stopped explosions in 
two experiments, but suddenly 20 minutes later a vigorous detonation oc- 
curred, completely destroying the end of the wire sponges; the zone of de- 
composition spread slowly through the sponges until it finally caused the 
whole quantity of acetylene to explode. The use of metal sponges as a 
safety precaution was therefore dropped. 

A very suitable safety device which prevents with certainty any explo- 
sion of acetylene from becoming a detonation was finally found by filling 
the pipes with bundles of narrow tubes. This brought about only a small 
pressure drop in the gas cycle. The first experiments of C.T.R.. at Grie- 
sheim showed that decomposition of acetylene never becomes a detonation 
if the tubes are narrow and less than 1 inch in diameter. It has been 
known for many years that it is very difficult to explode gas-air mixtures 
in narrow tubes and that the limits of explosion are lowered considerably. 
The reason for this is the rapid dissipation of the heat by the tube walls 
and by the column of undecomposed gas. Theoretical calculation shows 
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that the wall thickness of such narrow tubes may be very small without 
interfering with their efficien(^y. 

In Griesheim a pipe 30 meters long and 100 mm in diameter was filled 
with thirteen 12.5-nrim and six 10-mm tubes, a space of 30 cm on each side 
being left unfilled as an ignition area. In these pipes detonation properties 
at various initial pressures were studied. At a low initial acetylene pres- 
sure of 3.4 atm, the tube filling not only prevented detonation but was also 
able to check explosions. The de(U)mposition of acetylene did not proceed 
to the end of the tube but stopped half way. At higher initial pressures 
(4, 5, 0 atm) there was a breaking through, and final pressures of 120 atm 
maximum were recorded by the piezo-(iuartz. The end of the pipe was 
only moderately warm. 

The efficiency of bundles of tubes for checking explosions decreases with 
increasing depositions of soot. If an acetylene decomposition has oc- 
curred, soot must be removed from all parts of the system. Even with 
sooty bundles, decomposition was so slow that the final pressures could 
not be measured. The process was similar to slow burning and the effi- 
ciency was restored fully after cleaning. 

After the experiments with the tube bundles, some tests were made with 
two tubes 60 meters long, 12.5 mm in diameter, and 10 mm in diameter. 
Pressures were 5.1 to 8 atm and 8.5 to 10 atm. It was found that in a 
12.5-mm tube no decomposition occurs up to 5 to 6 atm initial pressure, 
and that in both tul)es final pressure of the explosion was less than ten 
times the initial pressure. With these 60-meter tubes it was also found 
that many bends and elbows in the lines do not stop the propagation of the 
decomposition. It was also surprising that strong cooling of the tube, 
which was coiled and immersed in water, had no effect at all upon the 
spread of the explosion wave. 

Other experiments involving safety devices were carried out in November 
and December, 1941, at Griesheim and Ludwigshafen, with results as in- 
dicated below. 

Discussion of the Results 

First Series of Experiments. A length of horizontal pipe 30 m long, 120- 
mm diameter, was packed with 50 tubes of 10-mm diameter and 2 tubes 
of 8-mm diameter. The ends of these tubes were welded together and to 
the inner surface of the 120-mm pipe. At each end a section 30 cm deep 
was filled with iron Raschig rings 35 x 35 mm. At an initial acetylene 
pressure of 9 atm, the decomposition pressure was 250 atm. In the later 
experiments this section was decreased from 30- to 6-cm depth ; the maxi- 
mum decomposition pressure was lower and it was concluded that large 
free spaces must be avoided. 

Second Series of Experiments. A 30-meter length of horizontal pipe 120 
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mm in diameter was packed with Raschig rings of 35-mm diameter and 
35-mm length, made of 0.5-mm thick iron sheets. Previous experiments 
of the C.T.R. in lOO-mm diameter tubes gave detonations with an initial 
pressure of 0.6 to 1.0 atm; hence, these tests were started with an initial 
pressure of 0.8 atm and did not exceed 6 atm. The Raschig rings definitely 
checked spreading of the decomposition wave. No breaking through was 
obtained at 1.4 atm; at 2 atm there was a slight })reak through; at 3 atm 
again there was no break through; and at 4 and (> atm there was a break 
through, but no detonation. At 0 atm initial pressure, the copper cylinder 
compression devic'.e rta-orded 320 atm; ball impression gave 303, 81 and 85 
atm. Th(‘ pipe was c>ut after these tests, and it was found that the Raschig 
rings were part ly pushed together, (causing formation of hollow spaces more 
than 1 meter long. Th(' deposit of soot in the pipe was surprisingly small. 
The comparatively large rings che(*.ked spreading of the decawnposition 
wave to such an ('xtent that even at 6 atm initial pressure no damage was 
done t o the pip(\ If the resistance of Raschig ring packings in long tubes 
does not cause any difficulties, it is permissible to use ring packing as a 
safety precaution against dc^t-onation. 

A 120-mm diameter tub(» was filled with Ras(‘hig rings mad(i of clay with 
(‘xtei'ior dimensions of 25 x 25 mm. No breaking through occurred in the 
first tests at 3.5 and 6 atm initial pressure. When the pi})e was opened, 
it was found that, the Raschig I’ings had been hurknl away from the ignition 
end some 6 meters and had been crushed to powder. The tube was r(‘- 
filled and the initial pressure raised to 8 atm. Brc^aking through became 
cvidcmt; the flange be(*oming leaky, but the pipe itself rc'mained intact. 
The copper cylinders at the end recorded 268, 230, and 275 atm pressure, 
but it is believed that these figures were high. 

The experiments w ith Raschig rings sho\v that these rings are suitable 
for protecting against detonations. They can be used for packing large 
irregularly-shaped spaces, (uirves and elbows. It is believed that metal 
rings are preferable to ceramic rings, because they are not crushed by the 
impact of the explosion wave. 

Third Series of PJxperiments. A 30-meter vertical pipe, with an inside 
diameter of 10 mm, capable of withstanding 325 atm pressure was arranged 
with an ignition chamber at the lower end. Pressures were recorded by 
piezo-quartz oscillographs. At an initial acetylene pressure of 5 and (> atm, 
no penetration occurred ; from 7 atm up, penetration occurred and at an 
initial pressure of 14 atm, a final pressure of 278 atm was recorded. It is 
believed that these pressures are higher than was actually obtained. 

A 30-meter vertical tube 12.5 mm in diameter, nominal pressure 64 atm, 
with ignition at the lower end and pressures recorded by piezo-quartz, was 
used. There was a breaking through at* 5 atm pressure. The pressure in- 
crease was recorded as 81 atm for 6 atm initial pressure and 199 atm for an 
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initial pressure of 10 atm. Ball pressure indicating equipment was also 
used ; but the figures obtained, namely 200 and 300 atm for initial pressures 
of 5 and 10 atm, were considered in error and too high. 

A 30-meter vertical pipe, 16 mm in diameter, nominal pressure 325 atm, 
was used with ignition taking place at the bottom. Failure occurred at a 
pressure of 5 atm. The initial pressure was raised to 12 atm, and a pres- 
sure rise of 315 atm was recorded by means of piezo-quartz. The pressure 
rise was very rapid. Because of the short time during which the quartz is 
loaded (0.01 to 0.001 second), the values are probably too high. 

Experiments were (conducted wiili an entrance chamber (jonnected to the 
bottom of a 30-meter pipe, 10 mm in diameter. This chamber measured 
500 mm long by 70 mm diameter and had a volume of 1.9 liters. Ignition 
was made at the bottom end of the chamber. In these experiments, the 
pressure rises were naturally very rapid. Whereas the same pipe without 
an entrance chamber, with an initial pressure of 10 atm gave a pressure rise 
of 160 atm, the same experiment with an entrance chamber yielded a rise 
of 275 atm. At 5 and 6 atm initial pressuivs, which previously had not 
given penetration without the pre-chamber, the final pressures were 144 
and 185 atms. Theses experiments demonstrated, as was expected, that 
no unprotected large empty spaces can be tolerated. 

Techniques for the Safe Handling of Acetylene under Pressure 

It is evident now that the (lerman scientists wen^ not successful in their 
endeavor to develop a tecdmicpie which would prevent acetylene decomposi- 
tions under all process conditions ; how(W(^r, they were reasonably success- 
ful in developing techniques which would confine su(4i decompositions and 
prevent them from becoming detonations. The safety devicies and opera- 
tional procedure for all German acetylene processes were therefore based 
on the realization that acetylene was inherently an unstable gas at any 
pressure. Decomposition of acetylene cannot be prevented entirely, but 
by suitable devices it is possible to prevent detonations and to confine such 
decompositions so that the pressure increase does not excjeed ten- to twelve- 
fold, an increase which can- be easily taken care of by the design of the 
equipment. 

Two general methods have been developed to minimize the danger of 
explosive decompositions of acetylene under pressure: (1) by diluting the 
acetylene with a gaseous diluent such as nitrogen, carbon dioxide, or meth- 
ane; (2) by keeping every acetylene molecule within a certain maximum 
distance of a solid, such as a wall, by limiting the amount of free space in 
the system to a minimum, t.e. by using small bore lines for carrying acety- 
lene feeds and by subdividing all large voids into smaller spaces by filling 
them with bunches of small tubes less than 0.5 inch in diameter, or with 
steel, or porcelain Raschig rings. 



EXPLOSIVE DECOMPOSITIONS OF ACETYLENE 


327 


The first method is generally used for batch operations in an autoclave. 
For continuous operations, particularly with a fixed bed catalyst, the seciond 
method is generally used. If high partial pressures of acetylene are not 
required, the acetylene stream generally is diluted with a gaseous diluent, 
usually nitrogen. 

Based on the experiments described abov(‘ and the (tonclusions drawn 
therefrom, the first butynediol plant in Schkojjau was constriu^ted with 
regard for the following facts: 

(1 ) All pipe lines with a diameter of 1 inch and above, wdiich are to carry acetylene 
under pressure, should be filled with bundles of tubes or their etjui valent. 

(2) The interior diameter of the filling tubes should be 0.5 inch or less, if jiossible. 

(3) Hoot decreases the efficiency of these narrow tub(‘s; henc(‘, the surfaces must 
be smooth and must be kept clean. 

(1) Bends do not check (‘xplosion and must also be filled with narrow t ubes. If 
a larger jircssure dro]) can be tolerated, Raschig rings or other packings may serve 
the pur])ose. 

(5) Dead spaces must be subdivided into many small spaces by Raschig rings or 
other fillers. 

Ah an adtlif ional saft'ty pi’ecaulion, the pressures gauges must be damped 
and designed so as to a multiple of their nominal indications. Ring 
balancers for volume control should be of the Oppau high-pressure type. 

In carrying out. vinylat ion react ions under pressure, acetylene should not 
be allo\v(‘d to come in contact with dry caustic alkali. One explosion oc- 
curring in the vinyl ether plant was traced to the fa(d that the licpiid level 
in the vinylation tower had fallen during the run, thus allowing deposition 
of dry potassium hydroxide on the walls a})ove the licjuid level. Contact 
of this alkali with th(‘ a(*etylene under pressure was sufficient to initiate an 
explosion. 

Warning. Despite all knowledge of the fundamental principles of the 
explosive charaideristics of ac^etylone under pressun^ and despite all pi’e- 
cautions taken to prevent them, explosive decompositions neviu'theless 
have occurred during the operation of both the vinyl ether and butynediol 
processes. Therefore, before running any reaction involving acetylene 
under pressure, it is advisable to determine whether the reaction mixture 
is safe or whether it can decompose under the reaction conditions. Han- 
ford and Fuller® have described how such a test may be carried out in a 
simple practical manner by loading a 1200-ml Aminco hydrogenation bomb 
with the desired mixture and attempting to decompose it by fusing on iron 
wire in the gas phase. If no decomposition occurred, the acetylene pressure 
was increased and the operation repeated until sufficient data were avail- 
able to permit a decision as to whether or not the desired experiment was 
safe. 


^Ind. Eng. Chem., 40 : 1171 (1948). 
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It should be remembered as Hanford and Fuller point out that “the 
characteristics of acetylene have not changed as the result of any research. 
What has changed is a better understanding of the factors that enter into 
the control of the tremendous force that can be developed during its de- 
composition.’^ 



POROUS CERAMIC 
PLUG 


Figurb". VIII-8. Ceramic safety check valve. 


Equipment and Materials of Construction 

Safety Equipment 

Reppe and his co-workers designed most of their equipment which in- 
volved the pumping of acetylene gas so that check valves would prevent a 
flash bach through the pumps or other equipment in the event of ignition 
of the acetylene. 

The porous stone filter shown in Figure VIII-8 proved successful in 
many installations. Where acetylene was being pumped under relative 
low pressures such as in the pipe lines erf Reppe’s laboratories, a check valve 
was used which operated much after the fashion of a Schraeder air valve 
found in automobile tubes. (Such a valve is shown in Figure VIII-9.) 

In processing equipment where large volumes of flammable gases were 
encountered, checks against flash backs were usually steel towers filled 
with sand. 
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Pumps 

In many of the acetylene processes, it became necessary to pump acetyl- 
ene or gases containing acetylene at pressures above atmospheric. Reppe 
claims the invention of a pump, known as the water-ring pump, which 
works much like our common laboratory pressure and vacuum pumps. 
The essential difference is that Reppe designed the pumps to use water as 
the sealant and, of course, had them constructed in sizes capable of handling 
large volumes of gas. The water-ring pump is illustrated in Figures VIII- 
10 and VIII-11. 

In addition to the water-ring pump, Reppe made considerable use of 
what might be described as a water-leg pump. While it is questionable 
Avhether Reppe was the first to construct this type pump, since it has been 
in use in this country for oil pumping, he at least put it to excellent use. 
This pump is illustrated in Figure VIII-12. The main advantage of this 
pump is that during the pumping operation no heat is added to the reac- 
tion, and since the gas or fluid being pumped actually serves as the piston, 
no contaminants can enter the system. 

Autoclaves 

During his many years of work on the reactions of acetylene and other 
organic compounds under pressure, Reppe was naturally concerned with 
the development of equipment which would facilitate the carrying out of 
general exploratory laboratory investigations of this type in a safe and 
practical manner. He was confident that he had achieved this objective 
as is shown by describing briefly the small autoclaves which he used for 
preliminary investigations of new acetylene reactions under pressure, and 
the arrangements used for mounting and servicing these autoclaves. 

Small Experimental Shaking Autoclaves. The smallest autoclaves had 
a capacity of 180 ml and were usually fabricated of an alloy steel (V 2 A or 
V4A) and lined if desired with copper, copper alloys, or even with precious 
metals such as platinum or silver. The overall dimensions were 3.5 cm 
I.D., 5.0 cm O.D. with an internal length of 20 cm. The maximum work- 
ing pressure was 300 atm at a maximum temperature of 300°C. 

A drawing of one of these small shaking autoclaves is shown in Figure 
VIII-13. The various parts are: 

) Inlet and outlet for reaction gases 

{B) Thermocouple well 

(C) Hexagonal cap 

(D) Hexagonal body 

(E) Lenticular sealing plug, ground fit 

The autoclaves were constructed so that they could easily be opened 
and closed. This was accomplished by using a hexagonal closing cap and 
having the shoulder of the autoclave shaped hexagonally. 
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The autoclaves were connected to high pressure cylinders by means of 
spirals of high-pressure steel tubing, or in some cases copper alloy tubing. 
The reacting materials were charged into the autoclave through this tubing. 
Heating of the autoclaves was usually accomplished electrically by slipping 
the autoclave into a jacket wound with nichrome wire. Each autoclave 
was equipped with a thermocouple which was connected to a common milli- 
voltmeter through a selector switch. 

The use of stirrers was objectionable ; agitation was accomplished by a 
shaking device. This shaking mechanism consisted of two parallel metal 
bars (Figure VIII-14) support/ed on a framework. The letters indicate 
the following parts : 

(A) Pivoted fork which fits around upper neck of autoclave 
{B) Stationary supporting rod 
(C) Ball joint fitting in socket (D) 

(Z>) Socket 

{E) Oscillating rod 

As many as 60 of the autoclaves were mounted on one rack, placed in an 
open room, without barricades or shields of any kind. Acetylene was 
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piped directly to these units under 30 atm pressure through small bore 
lines. Other gases such as carbon monoxide, hydrogen, etc. were also 
available. 

5-Liter Experimental Stirred Autoclaves. For larger-scale work Reppe 
favored a 5-liter stirred autoclave which was a modification of those made 


OUTPUT INTAKE 



by Andreas Hofer. The modified autoclaves were constructed to meet the 
following specifications : 

(a) Provide a 5-liter reaction space, yet be light in weight and capable 
of withstanding high pressures and temperatures. 

(b) Be capable of being opened and closed quickly. 

(c) Be easy to fill and drain. 

(d) Provide thorough agitation. 




Figure VIII-11. Water ring compression pump. 
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FiQtJRE VIII-15. Five-liter experimental autoclave. 

The improved five-liter stirred autoclave consists of a chamber proper 
(approximately 10 cm x 70 cm) with a cap fitted to the body proper by 
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means of a union as shown in Figure VIII-15. The cap, union, and body 
were drilled or slotted to allow opening by means of spanner wrenches. A 
gas-tight seal is obtained by using metal packing rings, pressure being ob- 
tained by tightening the union. No other details are available. 

Hofer Autoclaves. Several of the autoclaves manufactured by Andreas 
Hofer in various sizes and types are shown in Figures VIII-16 through 
VIII-20, together with the available information pertaining to them. 
Figure VIII-21 details the construction of one special type of autoclave 
stirrer shaft stuffing box. 

Steels for High-Pressure Apparatus 

Two wartime steels, designated as N-8 and N-10, were in use in Germany 
for high pressures and temperatures, particularly where hydrogen-resistant 
steels were necessary. 

N-8 steel had the following percentage analysis: 0,20 to 0.25 carbon, 0.4 
silicon, 0.50 to 0.6 manganese, 2.0 to 2.3 chromium, 0.2 to 0.3 vanadium, 
and less than 0.02 sulfur and phosphorus. This steel was suitable for 
pressures up to 200 atm at GOO'^C. . ; 

N-10 steel (FDKM-IO) had the following perce^age analysis: 0.19 to 
0.24 carbon, 0.4 silicon, 0.30 to 0.45 manganese, 2.7 to 3.0 chromium, 0.35 
to 0.45 molybdenum, 0.75 to 0.85 vanadium, 0.30 to 0.45 tungsten, and less 
than 0.02 each, sulfur and phosphorus. This steel withstands 2,000 atm 
at 600°C. However, 520°C was recommended as the maximum metal 
temperature, and when this steel was used in preheaters at 700 atm, flue- 
gas temperatures were restricted to^560°C maximum. N-10 tubing had 
an O.D./I.D. ratio of 1.7 to 1.8, which at 700 atm gave a stress of 11.3 
tons/sq in or 8.2 tons/sq in, according to whether the stress calculation is 
based on the elastic or plastic theory. 

Because of failures of N-10 in service, the method of testing steels for 
hydrogen resistance was changed during the war. The original testing 
period of 200 hours had been found too short, and tensile testing of test 
pieces had not given satisfactory results. It was considered that the normal 
methods were not satisfactory for the testing of a material to be used so 
near its limits, and that test conditions should approach more nearly the 
actual plant conditions. Life tests on tubes under working pressures and 
temperatures were therefore developed, the tubes themselves being scaled- 
down versions of plant tubes. In this way, it was hoped to obtain results 
which would be of more direct applicability. 

. N-10 tubing was delivered in 3- to 4-m lengths in rolled form, and 4- to 
5-m lengths in the form of bored-out bars. The latter type was favored 
because with such thick-walled tubes the cost was very little greater than 
for rolled tubes, and there was no risk of trouble from the small faults 
that were always present in the bores of rolled tubes. The tubing was 
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Figure VIII-17. Stationary vertical autoclave by Hofer. Capacities 0.5 to 100 
liters. (Siemens-Martin Steel), 0.5 to 5 liters (Krupp’s V2A and V4A steels). Op- 
erating pressure 300 atm at 550^ C. Cover sealed by the spigot and recess method. 
(3as heated with reflux condenser attached. The stirrer shaft is sealed with a lantern 
ring stuffing box with oil fed from a bottle maintained at the autoclave operating 
pressure. 

heat-treated according to a method developed at Leuna. After heating 
to lOSO'C, the steel has a Brinell hardness of at least 350, which falls to 
250 to 280 on annealing. Great difficulty was experienced in heat-treating 
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forged pieces of the alloy ; therefore the use of N-10 for forgings was aban- 
doned. 



Figure VIII-18. Hofer vertical electrically heated autoclave. 


It was disclosed that V2A was in use at Welheim for 700-atm preheaters 
and that no operating dMculties were experienced. It was stated that 
the I.G. would have used V2A for 700-atm preheaters if nickel had been 
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Figure VIII-21. Hofer stuffing box. 

Chamber “a” is filled to 5 mm below the level of the filling plug “b” before 
starting operations. Heavy cylinder oil or castor oil is used. Before heat is 
applied to the autoclave, water is circulated through the jacket “c”. Gland 
nut is tightened if oil seepage is noted. An oil separating and collecting 
chamber “e” is installed to prevent the contents of the autoclave from being 
contaminated with oil. Hole closed at one end with a valve enables 
checking the amount of oil leakage. When the autoclave is charged with 
chemicals which may destroy the lubricant, a special glan4 is installed. 
Fresh gas charged into the autoclave enters chamber ‘‘h”, thus removing 
objectionable vapors. The contents of chamber “h*' is collected in the 
bottle “i'\ 
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internal plating of V2A only 1 mm thick; at the same time, this gave a 
stronger basket which was not so likely to fail during a rapid blow-down. 

Because of the shortage of chromium and molybdenum, manganese was 
used in flange steels ; considerable difficulty was encountered in achieving 
the required tensile properties without getting a steel which was too brittle 
and susceptible to cracking. Because of its reduced ductility, the sub- 
stitute steel was used only up to 350°C. This steel had the following per- 
centage analysis: 1.1 to 1.4 manganese, 1.1 to 1.4 silicon, and 0.4 carbon. 
After water quenching, the tensile strength was 50 to 60 tons/sq in. 

Corrosion<*Resistant Alloys 

In addition to a wide variety of stainless steels, the following alloys were 
stated to be highly resistant to corrosion. Unfortunately, no data are 
available to indicate the applications for which they were used. 

KutVs alloy 

75 to 90% molybdenum 
6 to 15% nickel 
4 to 13% iron 
2 to 12% silicon 

Field's alloy ^ 

20% molybdenum 
60% nickel 
20% iron 

0.3-3% manganese 
0.5% silicon 
0.2% carbon 

These two alloys are claimed to be resistant to hydrochloric acid. Sheets 
immersed in a 37 per cent hydrochloric acid solution at 70°C showed a 
decrease in thickness of only 0.05 mm per month. 

PowelVs alloy^ consisting of 25 per cent molybdenum, 65 per cent nickel, 
and 10 per dent copper, is equally resistant as is Pfantsch's alloy containing 
90 per cent nickel, 7 per cent molybdenum, and 3 per cent silicon. 

Corrosion-Resistant Linings or Coatings 

In attempting to produce adipic acid by the Reppe process (carbon 
monoxide-tetrahydrofuran, see page 276), high-pressure vessels made of S 
and N steels were used, but the results were disappointing because the 
highly corrosive action of the reactants and products produced iron salts 
which acted as anti-catalysts. Super alloy steels of 18/8 extra type were 

'^AusL Pat 106,978 (1927). 

^Chem, Met Eng., 36 : 542 (1929). 

9 Brass World, 20 : 160 (1924). 
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somewhat better, but even with these alloys the results were such that the 
collaborators decided the process must be abandoned, or a corrosion- 
resistant material found. 

It appeared that the best approach was through some sort of plating 
or lining. Tantalum was suggested but was discarded because of the 
scarcity of tantalum and the lack of knowledge of how to make foolproof 
weldings. It was known that tantalum could be soldered with niobium, 
but the latter material was also very scarce. 

Tests indicated that lining the high-pressure vessels with molybdenum 
or tungsten or even vanadium and rhenium would give corrosion-resistant 
vessels. Molybdenum and tungsten can even be shaped if the metals are 
pure. In addition, these metals are capable of being welded electrically 
with an arc-atom burner. For lining purposes, the price of molybdenum 
is not exorbitant considering its low specific gravity (10 to 10.5) ; however, 
the Germans were unable to use molybdenum due to its scarcity. 

The necessity of conserving scarce metals led the Germans to seek other 
methods for preventing corrosion. Coatings appeared to be more eco- 
nomical than linings; hence, efforts were made to find suitable means for 
applying thin continuous coatings. It was found that iron and steel 
vessels could be coated with tantalum by the tantalum chloride-iron ex- 
change procedure. According to spectroscopic analysis, coatings contain- 
ing 20 to 40 per cent tantalum were obtained. In some instances with 
tantalum chloride, coatings containing 60 to 70 per cent tantalum were 
formed. One drawback of the tantalum process is that large quantities of 
tantalum chloride are required at temperatures of 900 to lOOO^C. 

Nickel alloys containing 30 per cent tantalum were supposed to be re- 
sistant to hydrogen chloride, but this was found to be untrue. Such an 
alloy will resist dilute sulfuric acid at 60 to 70°C but dissolves in other 
mineral acids. Increasing the tantalum content to 65 to 70 per cent in- 
creased corrosion resistance materially. 

An experimental autoclave of 250-cc capacity was built of steel to resist 
250 atm pressure. The autoclave was lined with nickel and treated with 
tantalum chloride. A 30 to 40 per cent tantalum content was found on the 
nickel surface. This coating stood up against 200 atm of carbon monoxide. 

Bismuth was tried but found unsatisfactory in a similar application ; the 
nickel in the coating gradually formed nickel carbonyl. Later the experi- 
ments were extended, and a new process was discovered which utilized all 
metals whose alloys cannot be reduced by hydrogen and which form solu- 
tions or compounds with each other. Such metals are nickel, cobalt, anti- 
mony, bismuth, iron, gold, silver, and platinum. The procedure is to 
make a paste of the finely divided metals (less than 5 microns) with a suit- 
able lacquer resin dissolved in xylene or toluene. The surfaces of the auto- 
clave are given a thin coating of this paste together with a soldering flux of 
low volatility. The vessels are then heated to 900 to 1100°C in hydrogen. 
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Depending upon the condition of the surfaces of the autoclave, more or 
less smooth surfaces are obtained, which in any case are firmly linked to 
the base metal by diffusion. It remains to be determined whether this 
process can be simplified by the use of arc-atom burners and made similar 
to the lead lining of vessels. The addition of one to three per cent of man- 
ganese or manganese carbide to the metal powder paste improves the 
surface. 

Toward the close of the war the Germans were actively engaged in trying 
to bum smooth coatings onto their reactors using the arc-atom burner. 




General Bibliography of German Acetylene Chemistry 

The following reports were used by Bigelow and Fischer as source material for 
this book: 


TITLE 

DATE 

AUTHOR 

Bericht uber Versuche uber den Acety- 
lenzerfall 

Feb. 5, 1940 


Referat: Stand des Reppe Verfahrens 

April 25, 1940 


Bericht uber Ergebnisse des Reppe-Ver- 
fahrens 

Jan. 24, 1941 


Fortschritte der Acetylenchem I. Teil 

Aug. 26, 1940 

Reppe 

Fortschritte der Acetylenchem II, Teil 

April 7, 1944 

Reppe 

Weitere Fortschritte der Acetylen- 
chemie 

April 7, 1944 


Veroffentlichungen I. Teil 


Reppe 

Veroffentlichungen II. Teil 


Reppe 

Veroffentlichungen III. Teil 
Untersuchungen uber den Cuprenteer 
Beit rag zur Kenntnis pyrogener 
Acetylenkondensationen 

Aktcn uber Acetylen 

Stammbaum von Acetylen Als Aus- 
gangsbasis 


Reppe 

Das Acetylen als Baustein einer neuen 
technischen Chemie 

1941 

Reppe 

Uber Polyamidzwischenproduct auf 
Acetylenebasis 

Bericht uber grosstechnische Produkte 

1941 

Reppe 

Alkynols and Alkyndiols 
Alkinolsynthese mit Formaldehyd 

Uebersicht uber die wichtigsten, durch 
die techn. Synthese des Propargyl- 
alkohols und Butindiols zuganglich 
gewordenen Verbindungen. Chemie 
des Butyrolactons, etc. 


Uber die Kontinuierliche katalytisch 

April 13, 1938 

W. Schmidt u. 

Hydrierung von Butindiol 

A. Schuls 

Uber die Untersuchung von Propargyl- 
alkohol 

May 21, 1938 

Wurzschmitt 

Uber eine Bestimmung des Propargyl- 

Oct. 14, 1939 

Schlichting 

alkohols 


Klager 

Bericht uber Beitrag zur Kenntnis der 
Butindiolbildung 

Dec. 21, 1938 


Bericht uber Hydrierung von 1,4-Bu- 
tindiol in Lu 529 

Jan. 17, 1939 
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TITLE 

Bericht uber technische Darstellung 
von 1 ,4-Butindiol 

Bericht uber die Hydrierung des 1,4- 
Butindiol 

Die katalytische Hydrierung von 1,4- 
Butindiol zu 1 ,4-Butandiol 
Bericht uber den Einfluss verschiedener 
Zusatze zum Kupferacetylidkontakt 
bei der Herstellung von 1,4-Butindiol 
aus Formaldehyd und Acetylen 
Bericht uber Methylbutinol 
Bericht uber die Kondensation von 
Acetaldehyd mit Acetylene 
Bericht uber die Abtreiinung und Au- 
farbeitung der von den Roh-butan- 
diollosungen abgetrennten Mono-ole 
Bericht uber Versuche zur Vernichtung 
der bei der Butanolfabrikation anfal- 
lenden Butanolruchstandsole 
Bericht uber die Butindiolherstellung 
in der technischen Versuchsanlage Lu 
606 (zweiter Bericht) 

3. Bericht uber die Butindiolherstel- 
lung in der technischen Versuch- 
sanlage Lu 606 

Bericht uber Bestimmung von Butan- 
diol und Butindiol in Butendiol 
Vierter Bericht uber die Butindiolher- 
stellung in der technischen Versuch- 
sanlage Lu 606 

5. Bericht uber die Butindiolherstellung 

in der technischen Versuchsanlage 
Lu 606 

6. Bericht uber die Butindiol-herstel- 

lung in der technischen Versuch- 
sanlage Lu 606 

Bericht uber Herstellung von 1-Methyl- 
glycerin auf Acetylenbasis 
Bericht uber die partielle Hydrierung 
einiger Alkohole mit Dreifachbindung 
Referat: Ueber die Hydrierung von Bu- 
tindiol-1,4 zu n-Butanol 
Uber die partielle Hydrierung einiger 
Alkohols mit Dreifachbinding 
Bericht uber Destination formaldehyd- 
altiger Butindiollosungen in der 
Glockenbodenkolonne Lu 109 
Bericht uber Versuche zur Herstellung 
von 2-Methyl-butin-3-ol-2 durch an- 
lagerung von Acetylen an Aceton 
Bericht uber Der Weg des Methanols 
in der Butindiolsynthese 


DATE 

March 2, 1939 
March 31, 1939 
April 27, 1939 
May 8, 1939 

April 20, 1940 
April 25, 1940 

July 26, 1940 

Jan. 12, 1941 

April 15, 1941 

April 17, 1941 

Oct. 30, 1941 
Dec. 17, 1941 

Feb. 26, 1942 

Feb. 27, 1942 

April 23, 1942 
April 28, 1942 
April 28, 1942 
June 5, 1942 
Aug. 18, 1942 

Dec. 11, 1942 

Dec. 16, 1942 


AUTHOR 


A. Schuls 
Jutz 


Friederich 
V. Susich 
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TITLE 

Bericht uber die Butindiolherstellung 
in der technischen Versuchsanlage 
Bericht uber die Butindiolherstellung 
in der technischen Versuchsanlage 
Bericht uber die Herstellung von 5- 
Diathylaminopentanol-2 
Bericht uber die Herstellung von Tet- 
rahydrofuran im Versuchsbetrieb, 
sowic uber das Gleichgewicht 1 ,4-Bu- 
tandiol Tetrahydrofuran + Was- 
ser 

Bericht uber Anlagerungsprodukte von 
Acetylen an Cyclohexanonderivate 
sowie derin Umsetzungen 
Bericht uber Anlagerungsprodukte von 
Acetylen an Cyclohexanon sowie 
deren Llmstezungen 
Bericht uber die Entkieselung und 
Neutralisation der technischen Bu- 
tindiollosung in eincm Arbeitsgang 
Bericht uber die Verwcrtung der 1,4- 
Butandioldestillationsruckstande 


DATE 

Dec. 18, 1942 
Feb. 19, 1943 
Feb. 24, 1943 
March 12, 1943 


Dec. 31, 1943 


April 27, 1944 


June 15, 1944 


Nov. 30, 1944 


Butadiene 


Ein neuer Weg zu Butadien und an- 
deren Dieneri aus Acetylen und Alde- 
hyden bzw. Ketonen 
Bericht uber die Hydrierung von Vin- 
ylacetylen zu Butadien mittilst Zink- 
staub und Lauge 

Bericht uber die gasanalytischc Bes- 
timmung von Butadien, Butylen, Bu- 
tan, Wasserstoff, Acetylen und Vinyl- 
acetylen neboneinander 
Bericht uber Untersuchungen uber den 
Kontakt: Butadien aus 1,4-Butol 
Bericht uber Untersuchungen uber den 
Kontakt: Butadien aus 1,4-Butylen- 
glykol 

Bericht uber Versuche z. Herstellung 
von Butadien aus 1,4-Butylenglykol 
Katalyst. Wasserabspeltung aus 1,4- 
Butylenglykol 

Bericht uber Versuche zur direktcn 
Herstellung von Butadien aus der 
etwa 30 bis 35% igen wassregen Los- 
ung von 1,4-Butylenglykol (Rohlos- 
ung) 

Bericht uber Kieselstrange und Koks 
als Kontakttrager fur die Reaktion: 
Butadien aus 1,4-Butol 
Bericht uber Butadien aus Butylengly- 
koldiacetaten 


Jan. 12, 1938 


Jan. 12, 1938 


May 7, 1938 


Feb. 9, 1939 
March 3, 1939 


April 27, 1939 
May 3, 1939 
May 4, 1939 


April 25, 1940 


April 26, 1940 


AUTHOR 


Reppe 


Krzikalla u 
Flickinger 


Reppe 


Rager 
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TITLE 

Bericht uber den derzeitigen Stand des 
neuen Butadienverfahrens 
Bericht uber Butindiol als Basis fur 
Kunststoff-zwischenprodukte 
Bericht uber Butadienhaltige Kunstoff- 
cmulsionen 

Bericht uber den derzeitigen Stand des 
neuen Butadienverfahrens 
Rcferat; Synthesen von Butadien und 
methyl-substituierten Butadienen 
Bericht uber den technischen Butadien- 
kontakt 

Bericht uber den Butadienkontakt 
Bericht uber Butadien aus Gemischen 
von 1,3-Butol und Tetrahydrofuran 
Bericht uber Reinheitsbestimmungen 
an Butadien 

Die Geschichte der deutschen Buna- 
Fabrikation 

Bericht uber die Verwertung der Destil- 
lationsruckstande des Butadiens nach 
der Reppe-Synthese 


DATE 

July 25, 1940 

Dec. 16, 1940 

May 21, 1940 

Sept. 6, 1940 

Feb. 17, 1941 

April 25, 1942 

April 28, 1942 
Oct. 19, 1942 

Dec. 12, 1941 


Sept. 14, 1944 


Carbonyls 


Auszuge aus der Zeitschrift fur ange- 
wandte Chemie uber Eisencarbonyl 
und Carbonyleisen 

Bericht uber die Bildung von Eisen- 
carbonyl bei der Einwirkung von 
Kohlenoxyd auf Stahl, Brennstoff- 
Chemie Bd. 21, 133-141 
Deverse Wolframhexacarbonyl 
Bericht uber die reinen Eisencarbonyls 
Bericht uber das Nickelcarbonyl 
Ni(CO)4 

Bericht uber die Gewinnung von Nick- 
elcarbonyl aus ammoniakalischer 
Nickelchloridlosung 
Referat : Ueber die Gewinnung von 
Nickelcarbonyl aus ammoniakalischer 
Nickelchloridlosung 
Bericht uber Eisencarbonylwasserstoff 
Bericht uber die reinen Eisencarbonyle 
Bericht uber Reaktionen von Pyridin 
mit Fe(CO)6 und Fe(CO)4 
Bericht uber den Vortrag von in Darm- 
stadt uber den neueren Stand der 
Chemie der Metallcarbonyle 
Bericht uber Potentiometrische Titra- 
tion von Kobaltcarbonylwasserstoff 
und Eisencarb und Eisencarbonyl- 
wasserstoff zwecks Nachweis ihres 
Saurecharakters 


July 28, 1948 


1935 

Feb. 3, 1941 
Feb. 20, 1941 

April 12, 1941 


April 21, 1941 


Sept. 9, 1941 
Sept. 9, 1941 
Sept. 10, 1941 

Dec. 5, 1941 


Aug. 19, 1944 


AUTHOR 

Reppe 


Krzikalla 

Dornheim 

Flickinger 


Hieber and Romberg 
Karl Merkel 


Reindl 
Karl Merkel 


W. Hieber 
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TITLE DATE 

Bericht uber den Saurecharakter des Aug. 29, 1944 
Eisencarbonylwasserstoffs 


Carbon Monoxide 


Bericht uber Einwirkung von Kohlen- 
oxyd auf Olefine und Alkohole (I. 
Bericht) 

Uber dis Ablagerung von CO an amine 
Bericht uber die Synthese der Adipin- 
saure aus Tetrahydrofuran, Wasser 
u. Kohlenoxyd. Versuche im Privat- 
labor 

Ueber den Reaktionsmecanismus bei 
Konvertierung von Wassergas 
Liste der Patentschriften uber die Was- 
sergaskonversion 
Synthese Adipinsaure 
Bericht uber Synthese der Essigsaure 
durch Einwirkung von Kohlenmon- 
oxyd auf Methanol 

Bericht uber Synthese der Fettsauren 
durch Einwirkung von Kohlenoxyd 
und Wasser auf Olefine (3. Bericht) 
Neues aus der Chemie des Kohlenoxyd 
Eine neue Synthese des Propionsaure- 
anhydrides und anderer Saure-anhy- 
dride 

Bericht uber Dicarbonsauren und Oxy- 
carbonsauren bzw. Laktone aus ole- 
fineschen Verbindungen 
Die Synthese der Carbonsauren aus 
Olefinen, Kohlenoxyd und Wasser 
Bericht uber die Bestimmung von 
freier Salzsaure, freier Propionsaure, 
einander 

Bericht uber die Herstellung von Adi- 
pinsaure aus Tetrahydrofuran und 
Kohlenoxyd 

Bericht uber des Herstellung von Adi- 
pinsaure aus tetrahydrofuran und 
Kohlenoxyd 

Bericht uber die Einwirkung von Kohl- 
enoxyd auf Tetrahydrofuran in Geg- 
enwart von Kobaltkatalysatoren 
Bericht uber die Einwirkung von Was- 
sergas auf Tetrahydrofuran 
Bericht zur Kenntnis der Synthese der 
Karbonsauren 

Katalysatoren zur Herstellung von 
Fettsauren 


Oct. 9, 1940 


April 21, 1941 
1940-1941 


Oct. 13, 1941 
Oct. 13, 1941 
1942 

June 30, 1942 
June 30, 1942 

July 14, 1943 

April 26, 1944 
April 29, 1944 

April 29, 1944 

May 2, 1944 
April 18, 1944 

May 25, 1944 

May 30, 1944 

May 30, 1944 

June 5, 1944 
1944 


Acrylic Add and Derivatives 

Bericht uber Versuche zur Darstellung Dec. 13, 1939 
von Acrylsaure und Acrylsaureester I 


AUTHOR 

Vetter 


Woldan 

Reppe 


Reppe 


Reppe 

Kroper 


Kroper 


Pis tor 


Pistor 


Keller 
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TITLE 

Bericht uber Versuchc zur Darstellung 
von Acrylsaure und Acrylsaureeeter 
Uber die Herst. Der Thioacrylsaure 
und ihrer Ester aus Merkaptanen, 
Acctylen und Nickelcarbonyl 
Bericht uber Versuche zur Darstellung 
von Acrylester aus Kohlenoxyd Acety- 
len und Alkohol mit einem Katalysator 
Bericht uber Versuche zur katalyti- 
schen Acrylestersynthese 
Bericht uber Versuche zur Darstellung 
von Acrylamidfui aus Ami non, Kohl- 
enoxyd und Acctylen 
Bericht uber Versuche zur Darstellung 
von Acrylsaure und Acrylsaureester 
III 

Bericht uber einc iieue Synthese von 
Acrylsaure und d(^ren Derivaten 
Refcrat; Ueber neue Acrylsaureester 
Bericht uber Versuchc zur katalyti- 
schen Acrylestersynthese II 
Bericht uber die katalytische Acryl- 
saurebutylestordarstcllung in Ricscl- 
oferiverfahren mit Nickel kontakten 
Versuche zur kontinuierlichen Darstel- 
lung von Acrylamiden aus Aminen, 
Kohlenoxyd und Acetylen 
Bericht uber die katalytische Acryl- 
saurebutylester-Darstellung im Ries- 
elofenverfahron mit Polyglykolen als 
flussigem Kontakttrage und NiBr 2 
als wirksamer Kontaktsubstanz 
Bericht uber Wirkungsweise der Tri- 
phenylphosphinnickelbromid - Ka- 
talysatoren bei der Acrylestersyn- 
these aus Alkohol, Kohlenoxyd und 
Acetylen 

Laboratory Records of Dr. Kroper 
(6 volumes) 


DATE 

Jan. 31, 1940 
April 24, 1940 

May 28, 1940 

June 20, 1940 
June 31, 1940 

July 6, 1940 

Dec. 14, 1940 

April 21, 1941 
July 7, 1941 

Aug. 15, 1941 


Dec. 15, 1941 


April 15, 1943 


Nov. 27, 1944 


Cyclopolyolefins 


Reaktionen mit Cyclooctatetraen 
Bericht uber Cyclooctatetraen 
Bericht uber Reaktion von Alkali-Me- 
tall und Cyclooctatetraen (Arbeit, 
vorschriften) 

Bericht uber Cyclooctatetraen nach 
Reppe (2. Bericht 1942) 

Bericht uber Cyclooctatetraen 
Uber Cyclopolyolefine 
Bericht uber den blauen Kohlenwasser- 
stoff, einem Polymerisationsprodukt 
des Acetylens 


Feb. 3, 1942 
March 13, 1942 
May 16, 1942 


April 8, 1944 

April 20, 1943 
April 28, 1944 
June 12, 1944 


AUTHOR 

Keller 

Hecht 

Merkel 


Keller 


Reppe 


Hecht 

Gassenmeier 


Reppe 


Reppe 


Topel 

Reppe 

Reppe 
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TITLE DATE 

Akt: Cyclooctatetraen Allgemcin Her- 1945 
Btellung der Synthese der Cyclopol- 
yolefiiien 

Koresin 

Bericht uber Harze aus Phenolen und Feb. 7, 1939 
Acetylen 

Koresin May 25, 1940 

Phenol-Acetyleii-Harze Sept. 26, 1941 

A7nino Butins 

Bericht uber Aminobutiri May 25, 1939 


Vinyl Ethers 

Zusainmenstellung der Vinylierungs- Nov. 3, 1938 
produkte und Acetylenylverbin- 
dungen 

Bericht uber die Herstellung von Was- Jan. 31, 1941 
chrohstoffen und Textilhilfsmitteln 
Alkoholen bze. Wasscr 

Spaltung von Vinylmethylather mit May 11, 1942 

Hilfe eines saurehaltigen test ange- 
ordneten Kontaktes 

Spaltung von Vinylmethylether mit 
Zeichnungen und Textenwurfen 

Bericht uber die wichtigsten Anwend- 
ungsgebicte der Polyvinylather, Pol- 
yoxystyrole und hoheren Polyvinyl - 
ester 


Vi n yl Pyrrolidone 

Uber die Dehydrierung von Pyrrolidin April 15, 1939 
und N-substituierten Pyrrolidincn 
N- Vinyl verbindungen von Laktamen April 17, 1939 


Uber die Einwirkung von Butyrolakton 
auf Diamine 

Darstellung von Pyrrolidin aus Tetra- 
hydrofuran und Ammon iak 

Die Einwirkung von alpha-Butyrolak- 
ton auf Ammoniak und auf Mono- 
amine 

Herst. von Aminokarbonsauren aus 
gamma-Butyrolakton 

Polyvinylpyrrolidon (Periston, Kolli- 
don) 

Bericht uber Polyvinylpyrrolidon (Per- 
iston, Kollidon) 

Uber die kontinuierliche Herstellung 
von, alpha-Pyrrolidon 

Uber die Umbestimlich Herstellung von, 
alpha-Pyrrolidon 

Akt: Vinylpyrrolidon Allg., Versch. 


April 18, 1939 
April 18, 1939 
April 19, 1939 

April 23, 1940 
Nov. 10, 1943 
Nov. 10, 1943 
March 3, 1944 
March 3, 1944 


AUTHOR 


Hecht 

Hecht 


P ('sta 


Schuster 

Hartman n 

Schuster 

Sauerbier 

Schuster 

V. Bank 

Schuster 

Stichnuth 

Schuster 

Krzikalla 

Alt 

Fikcntscher 

Herrle 


Sauerbier 
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Miscellaneous 


TITLE 

DATE 

ADTHOX 

Uber Dihydrofuran 

April 17, 1939 

Schuster 

Keller 

Uber die Darstellung von Glutarsaure 

April 19, 1939 

Haussmann 

Grafinger 

Darstellung von Glutardinitril 

Bericht uber die Chlorierung des Bu- 
ten-2-diol-l,4 

Referat : Ueber Sulfondibuttersaure 
und ihre Ester 

Bericht uber die kontinuierliche Dar- 

Aug. 19, 1939 
April 22, 1940 

April 22, 1941 

March 2, 1944 

Kroper 


stellung von 1,4-Butanediol-dichlor- 
kohlenaaure-Ester 


German Patents (Deutsches Reichs Patent) 


D.R.Pai. 4S9,5Sr 
D.R.Pat. 5W,712 
D.R.Pai. 611,617 
D.R.Pat. 660,403 
D.R.Pai. 660,436 
D.R.Pat. 663,987 
D.R.Pai. 666,033 
D.R.Pat. 678,994 
D.R.Pai. 684,840 
D.R.Pat. 688,363 
D.R.Pat. 689,970 
D.R.Pat. 691,774 
D.R.Pat. 691,846 
D.R.Pat. 693,399 
D.R.Pai. 604,846 
D.R.Pat. 610,377 
D.R.Pat. 617,643 
D.R.Pat. 618,130 
D.R.Pat. 631,963 
D.R.Pat. 634,633 
D.R.Pat. 636,017 
D.R.Pat. 636,660 
D.R.Pat. 631,016 


D.R.Pat. 636,077 
D.R.Pat. 639,843 
D.R.Pat. 643,886 
D.R.Pat. 643,330 
D.R.Pat. 646,113 
D.R.Pat. 646,996 
D.R.Pat. 647,036 
D.R.Pat. 663,166 
D.R.Pat. 663,936 
D.R.Pat. 663,779 
D.R.Pat. 664,331 
D.R.Pat. 679,607 
D.R.Pat. 684,830 
D.R.Pat. 696,318 
D.R.Pat. 696,319 
D.R.Pat. 696,774 
D.R.Pat. 696,779 
D.R.Pat. 897,803 
D.R.Pat. 698,373 
D.R.Pat. 699,430 
D.R.Pat. 699,946 
D.R.Pat. 700,036 
D.R.Pat. 701,836 


D.R.Pat. 703,956 
D.R.Pai. 704,336 
D.R.Pat. 704,337 
D.R.Pat. 706,373 
D.R.Pat. 706,108 
D.R.Pat. 706,694 
D.R.Pat. 708,363 
D.R.Pat. 709,370 
D.R.Pat. 711,709 
D.R.Pat. 713,665 
D.R.Pat. 714,369 
D.R.Pat. 714,490 
D.R.Pat. 715,368 
D.R.Pat. 716,815 
D.R.Pat. 731,004 
D.R.Pat. 734,769 
D.R.Pat. 736,336 
D.R.Pat. 735,533 
D.R.Pat. 736,714 
D.R.Pat. 737,476 
D.R.Pat. 738,466 
D.R.Pat. 730,648 
D.R.Pat. 734,341 



Index 


Acetaldehyde, synthesis, 
from acetylene, 6 
vinyl ethers, 46 
Acetic acid, 274 
Acetol, 124 
Acetone, 8 
Acetylene 

carboxylation of, 247 
chlorination of, 18 
explosive decompositions of, 310 
explosive decompositions of, preven- 
tion of, 318 

homologs of, reactions of, 299 
homologs of, removal from arc acet- 
ylene, 302 
hydration of, 6 
hydrogenation of, 16 
nitration of, 22 
polymerization of, 
to cyclopolyolefins, 177 
vinyl acetylene, 309 
safe handling of, technique for, 326 
safe handling of, equipment for, 328 
synthesis of, 
by arc process, 3 
from calcium carbide, 2 
by partial combustion, 4 
use of, in chemical processes, 1 
arc, 301, 302 
impurities in, 302 
purification of, 301 
ethyl, 302 
methyl, 

from arc acetylene, 300 

magnesium carbide, 299 
phenyl, 302, 303, 304 
vinyl, 302 , 304, 309 
Acetylenic alcohols (cf. Alkynols) 
reactions of, 119 
synthesis of, 93 
glycols (cf. Alkyndiols) 
reactions of, 130 
synthesis of, 93 
Acids, 
dibasic 

from cyclic ethers and CO, 275 
lactones and CO, 280 
saturated carboxylic, 
from olefins and CO, 267 
Acrolein, 120 


“Acronals,” 53 
Acrylic acid 

from acetylene and CO, 255 
acetylene and Ni(CO) 4 , 255 
triphenyl phosphine complexes as 
catalysts in synthesis of, 259 
Acrylonitrile, 31 , 166 
Alcohols 

from olefins, CO and H 2 O, 290 
vinylation of, 35 
Aldehydes, ethinylation of, 93 
Aldol 

hydrogenation of, 11 
synthesis of, 9 

Alkyndiols (cf. acetylenic glycols) 
Alkynols (cf. acetylenic alcohols) 

Allyl alcohol, 119 
/3-chloro-, 126 
Allyl carbinol, 14 
Amines, 

ethinylation of, 112 
vinylation of, 60, 65 
Aminobutynes, 

3-phenyl-, 113 
reactions of, 169 
synthesis of, 112 
Aminobutyric acid, gamma, 
derivatives of, 166 
Aminopropynes, 169 
Autoclaves, 329 
Azulene, 213 

Benzene, from acetylene, 127, 190 
Bibliography, general, 347 
Butadiene, 

from butanediol, 101 
butylene glycol, 8 
Reppe process for, 96 
from tetrahydrofuran, 104 
vinyl ethyl ether, 44 
Butadiene dioxide, 145 
Butadiene peroxide, 16 
Butanediol-1,3 (cf. butylene glycol-1,3) 
Butanediol -1,4 

2,3-dichloro-, 145 
dichloroformate, 150 
di vinyl ether of, 55 
synthesis of, 101 
reactions of, 147 
reactions of, chart of, 173 
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Butanetriol-1,2,4, 138 
Butene-2-diol-l,4 
reactions of, 142 
reactions of, chart of, 172 
synthesis of, 131 
Butylene glycol -1,3 
dehydration of, 13 
synthesis of, 11 
Butyne-2-diol-l ,4 

reactions of, 130, 171 
synthesis of, 98 
Butyne-3-ol-2 (butynol) 
hydrogenation of , 120 
oxidative coupling of, 123 
reactions of, chart of, 174 
synthesis of, 94 
Butyric acid, 

7 -amino, 166 
7 -chloro, 161 
7 -cyano-, 159 
dithiodi-, 157 
oxydi-, 157 
phenyl-, 162 
phenylenedi-, 162 
sulfonedi-, 157 
co-sulfo, 158 
thiodi-, 154 

esters of, as plasticizers, 155 
esters, 

7 -alkoxy, 162 
7 -halo-, 162 
Butyrolactone, 
a-chloro-, 161 
reactions of, 154--163 
reactions of, chart of, 176 
synthesis of, 152 

Carbon monoxide, chemistry of, 246 
Carbonylation, (cf. Carboxylation) 
Carbonyl hydrides, 287 
Carboxylation, 

of acetylene, 247 
alcohols, 274 
cyclic ethers, 275 
olefins, 265 

Carboxylic acids from olefins, CO and 
H 20 , 267 

properties of, 270 
soaps from, 271 
Copper acetylide, 94 
Crotyl alcohol, 15 
Cuprene, 221 
Cyclodecapentaene, 218 
Cyclododecahexaene, 219 
Cyclooctane, 191 
Cyclooctatetraene, 177 

derivatives of, list of, 222 
molecular configuration of, 183 
polymerization of, 210 


reactions of, 190 
uses of, 219 
vinyl, 218 

Cyclopentanones, 151 
Cyclopolyolefins, 177 
higher, CioHio, 213 
higher, C 12 H 12 , 213 

^‘Densodrins,** 54 
Diacetylene 

from arc acetylene, 300 
reactions of, 305 

removal from vinyl acetylene, 304 

1.4- Dichlorobutene-2, 145 
Dichloroethylene, 21 

1.4- Dicyanobutene-2, 143 
l-Diethylaminopentanol-4, 111 
Dihydrofuran, 142 

1 . 4- Dihydroxybutanone-2, 1 38 
Diketones, 150 
Dimethylol urea, 111 

Erythritol, 143 
Esters, 

from CO, olefins and alcohols, 271 
Ethinylation, 91 
of aldehydes, 93 
amines, 110 
ketones, 108 

Ethinylation products, list of, 115 
Ethylene, 16 

Glutaric acid, 160 
Glutaric dinitrile, 160, 

Glutarimide, 159 

Hexachloro-butadiene, 22 
Hexachloro-e thane, 22 
Hexadiyne-2, 4-Diol-l,6, 121 
Hexamethylol benzene, 141 
Hexyne-3-diol-2,5, 94 

reactions of, chart of, 174 

2,5-Dimethyl, 109 
reactions of, chart of, 175 
Hydroquinone, 292 
Hydroxymethyl vinyl ketone, 135 

‘‘Kollidon”, (cf. “Periston”, Polyvinyl 
pyrrolidone) 

Koresin, 56 

“Luvican,” 64, 65 

Magnesium carbide, 299 
Maleic anhydride, 146 
Methyl butynol (2-methyl-butyne-3-ol- 
2), 108 

reactions of, chart of, 175 
Methylol amines, ethinylation of, 91, 110 
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Nickel carbonyl, 247, 250, 251 
regeneration of, 254 
Nickel salts as catalysts, 255, 295 
Nitroform, 24 

Oxo process, 280 

Pentachloroethane, 21 
Pentamethylenediamine, 160 
Perchloroethylene, 22 
Perhydroxylation, 143 
“Periston,” (cf. Polyvinyl pyrrol idone) 
as blood plasma substitute, 81 
Piporidone, a, 160 
“Polectron,” 64 
Polyurethanes, 147 
Polyvinyl, 
carbazole, 63 
ethers, 50 

pyrrolidone, (cf. “Kollidori”, “Peris- 
‘ ton”), 75, 81 
Propanol, 119 
Propargyl, 
alcohol 

anhydrous, isolation of, 106 
chloro-, 126 
determination of, 106 
reactions of, 119, 170 
synthesis of, 105 
aldehyde, 123 
amines, 

reactions of, 169 
synthesis of, 110 
chloride, 126 
Propionaldehyde, 

from methyl vinyl ether, 44 
0 X 0 reaction, 285 
propargyl alcohol, 120 
Pyridine, 2-methyl-5-ethyl, 44, 61 
Pyrroles, 142 
Pyrrolidines, 150 
Pyrrolidone, a 

hydrolysis of, 166 
synthesis of, 163 
vinylation of, 66 
N-substituted, 164 
Pyrrolines, 146 

Steels, high pressure, 336 
Succinic acid, 147 
Succinic dialdehyde, 144 


Tetrachloroethane, 20 
Tetrahydrofuran, 

butadiene from, 101 
synthesis of, 104 
Tetranitromethane, 23 
Trichloroethylene, 21 
Trimethylol benzene, 126 
Triphenyl phosphine complexes, 
in acrylate synthesis, 259 

trimerization of propargyl alco- 
hol, 126 

with nickel carbonyl, 259 
nickel halides, 259 
other metal salts, list of, 297 

5-valerolactone 

from 1,4-dichlorobutaiie, 167 
tetrahydrofuran , 277 
Vinyl acetate, 25 
acetylene, 309 
amines, 60 
carbazole, 62 
chloride, 27 
cyanide, 30 
esters, 59 
ethers, 

polymerization of, 48 
reactions of, 40 
reactions of, chart of, 45 
synthesis of, 32 
pyrrolidone 
polymerization of, 67 
synthesis of, 66 
thioethers, 57 
Vinylation 
of acids, 59 
alcohols, 37 
alkanolamines, 36 
amides, 66 
amines, 61 
amines, tert., 67 
ammonia, 60 
imino compounds, 62 
lactams, 66 
mercaptans, 57 
phenols, 36, 56 
reaction conditions for, 35 
Vinylation products, list of, 85 
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